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68Ga-SSO-120 PET for Initial Staging of Small Cell Lung Cancer Patients:
A Single-Center Retrospective Study. David Kersting. See page 1540.

Enhancing antibody–drug conjugate efficacy: HER2-targeted immuno-PET
demonstrates tumor response and highlights unexpected advantages of
statin coadministration. Emma Brown et al. See page 1638.
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INDICATIONS:
NEUROLITE® single photon emission computerized tomography (SPECT) is indicated as an adjunct to conventional CT or MRI imaging in
the localization of stroke in patients in whom stroke has already been diagnosed. NEUROLITE® is not indicated for assessment of functional
viability of brain tissue or for distinguishing between stroke and other brain lesions.
CONTRAINDICATIONS:
None known.
IMPORTANT SAFETY INFORMATION:
In clinical trials, NEUROLITE® has been administered to 1063 subjects (255 normals, 808 patients). In the 808 patients with neurologic events, there
were 11 (1.4%) deaths, none of which were clearly attributed to NEUROLITE®. The following adverse effects were observed in ≤ 1% of the subjects:
headache, dizziness, seizure, agitation/anxiety, malaise/somnolence, parosmia, hallucinations, rash, nausea, syncope, cardiac failure, hypertension,
angina, and apnea/cyanosis.
WARNINGS:
None known.
PRECAUTIONS:
General
USE WITH CAUTION IN PATIENTS WITH RENAL OR HEPATIC IMPAIRMENT. TECHNETIUM Tc99m BICISATE IS ELIMINATED PRIMARILY BY RENAL
EXCRETION. WHETHER TECHNETIUM Tc99m BICISATE IS DIALYZABLE IS NOT KNOWN. DOSE ADJUSTMENTS IN PATIENTS WITH RENAL OR HEPATIC
IMPAIRMENT HAVE NOT BEEN STUDIED.
Patients should be encouraged to drink fluids and to void frequently during the 2-6 hours immediately after injection to minimize radiation dose to
the bladder and other target organs. As with any other radioactive material, appropriate shielding should be used to avoid unnecessary radiation
exposure to the patient, occupational workers, and other people. Radiopharmaceuticals should be used only by physicians who are qualified by
specific training in the safe use and handling of radionuclides.
Please see following page(s) for brief Prescribing Information. Full Prescribing Information may be accessed at
https://www.lantheus.com/assets/NEUROLITE_513073-0719mktg.pdf

High Contrast Perfusion Images
• Rapid brain uptake1

• Rapid blood clearance1,2,3

• Rapid washout from facial muscles2,4

• Negligible intracerebral redistribution1,3,5

Extended In Vitro stability in
syringe or vial
• Greater patient scheduling flexibility1,5,6

• Facilitates use in multiple settings1,5,6

• May result in fewer doses6

KIT FOR THE PREPARATION OF TECHNETIUM
Tc99m BICISATE FOR INJECTION

Critical information when you need it
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1. NEUROLITE® [package insert]. N. Billerica, MA: Lantheus Medical Imaging, Inc. 2. Leveille, J, Demonceau, G, Walovitch,
R, Intrasubject Comparison Between Technetium-99m-ECD and Technetium-99m-HMPAO in Healthy Human Subjects, JNM,
1992;33(4):480-484 3. Vallabhajosula, S, Zimmerman, R, Picard, M, et al, Technetium-99m ECD: A New Brain Imaging Agent:
In Vivo Kinetics and Biodistribution Studies in Normal Human Subjects, JNM, 1989; 30(5):599-604 4. Castagnoli, A, Borsato,
N, Brung, A, et al, Cerebral Ischemia and Dementia. Springer-Verlag;1991: Chapter 39: SPECT Brain Imaging in Chronic
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to interpret differing cerebral blood flow patterns estimated with 99Tcm-HMPAO and 99Tcm-ECD SPET in a healthy population,
Nuclear Medicine Communications,1999;20:219-226 6. Koslowsky, I, Brake, S, Bitner, S, Evaluation of the Stability of
99mTc-ECD and Stabilized 99mTc-HMPAO Stored in Syringes, J Nucl Med Technol, 2001;29(4):197-200
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BRIEF SUMMARY
Please see Full Prescribing Information available at
https://www.lantheus.com/assets/NEUROLITE_513073-
0719mktg.pdf for complete information.

INDICATIONS
Neurolite single photon emission computerized tomography
(SPECT) is indicated as an adjunct to conventional CT or MRI
imaging in the localization of stroke in patients in whom stroke
has already been diagnosed.

Neurolite is not indicated for assessment of functional viability
of brain tissue. Also, Neurolite is not indicated for distinguish-
ing between stroke and other brain lesions.

CONTRAINDICATIONS
None known

WARNINGS
None known

PRECAUTIONS

General

USE WITH CAUTION IN PATIENTS WITH RENAL OR HEPATIC
IMPAIRMENT. TECHNETIUM Tc99m BICISATE IS ELIMINATED
PRIMARILY BY RENAL EXCRETION. WHETHER TECHNETIUM
Tc99m BICISATE IS DIALYZABLE IS NOT KNOWN. DOSE
ADJUSTMENTS IN PATIENTS WITH RENAL OR HEPATIC
IMPAIRMENT HAVE NOT BEEN STUDIED.

Patients should be encouraged to drink fluids and to void
frequently during the 2-6 hours immediately after injection
to minimize radiation dose to the bladder and other target
organs.

Contents of the vials are intended only for use in the prepara-
tion of Technetium Tc99m Bicisate and are not to be admin-
istered directly to the patient without first undergoing the
preparation procedure.

The contents of each vial are sterile and non-pyrogenic. To
maintain sterility, aseptic technique must be used during
all operations in the manipulations and administration of
Neurolite.

Technetium Tc99m Bicisate should be used within six hours
of the time of preparation.

As with any other radioactive material, appropriate shielding
should be used to avoid unnecessary radiation exposure to
the patient, occupational workers, and other people.

Radiopharmaceuticals should be used only by physicians who
are qualified by specific training in the safe use and handling
of radionuclides.

ADVERSE REACTIONS
In clinical trials, Neurolite has been administered to 1063
subjects (255 normals, 808 patients). Of these, 566 (53%)
were men and 494 (47%) were women. The mean age was
58 years (range 17 to 92 years). In the 808 patients, who had
experienced neurologic events, there were 11 (1.4%) deaths,
none of which were clearly attributed to Neurolite.

A total of 60 subjects experienced adverse reactions; the
adverse reaction rates were comparable in the <65 year, and
the <65 year age groups.

The following adverse effects were observed in ≤ 1% of the
subjects: headache, dizziness, seizure, agitation/anxiety,
malaise/somnolence, parosmia, hallucinations, rash, nausea,
syncope, cardiac failure, hypertension, angina, and apnea/
cyanosis.

In clinical trials of 197 patients, there were inconsistent
changes in the serum calcium and phosphate levels. The
cause of the changes has not been identified and their fre-
quency and magnitude have not been clearly characterized.
None of the changes required medical intervention.

To report SUSPECTED ADVERSE REACTIONS, contact
Lantheus Medical Imaging, Inc. at 1-800-362-2668 or
FDA at 1-800-FDA-1088 or www.fda.gov/medwatch.

Distributed by:

Lantheus Medical Imaging®

331 Treble Cove Road

N. Billerica, Massachusetts 01862 USA

For Ordering Tel: Toll Free: 800-299-3431

All Other Business: 800-362-2668
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E D I T O R ' S P A G E

A Tribute to Our JNM Associate Editors

Johannes Czernin

David Geffen School of Medicine at UCLA, Los Angeles, California

As I enter my eighth year as editor-in-chief, The Journal of
Nuclear Medicine (JNM) continues to mirror the best in our field,
reflecting an expanding international focus on the integration of
new techniques, agents, and instrumentation into the broadest
range of diagnostics, therapeutics, and theranostics. Our success is
the result of the efforts of a constellation of extraordinary editorial
and production contributors, who manage more than 1,100 sub-
missions from around the globe every year.
I owe a special debt of gratitude to our expert volunteers who

serve as JNM associate editors (AEs), bringing their subject matter
expertise and scientific insight to the evaluation of these submis-
sions, identifying the most promising work and providing over-
sight throughout the rigorous editorial process. Together, the JNM
AEs are a powerful force, not only in maintaining the highest stan-
dards but in working with me to determine the future direction of
the journal in a rapidly changing nuclear medicine landscape.
They are also effective in outreach to their respective practice
communities, actively recruiting leading authors and scientists
with new and exciting investigative work and perspectives.
This year, H. William Strauss ended his long and productive

service as the continuing education section AE, a role he has
shared for the past 8 y with Dr. Heiko Sch€oder. Dr. Strauss will
continue to serve as a consultant to the editor-in-chief. Dr. Sch€oder
also stepped down from his continuing education responsibilities

but will continue as an AE with special responsibilities for oncology
topics, among many other important themes. Lale Kostakoglu and
Hossein Jadvar are the new AEs for the continuing education section.
Dr. Kostakoglu previously served as an AE for oncology, and
Dr. Jadvar joined the AE team in July 2022.
Also joining the AE group last year was Thomas A. Hope, who,

among other responsibilities, is helping the journal navigate the
growing number of practice procedure standards and guidelines.
As a member of the Society of Nuclear Medicine and Molecular
Imaging Committee on Procedure Standards, he is well prepared
for this role.
Marcelo F. Di Carli has stepped down after long-time service as

the AE for cardiology topics, which he managed jointly with
Frank M. Bengel. All of us at JNM thank Dr. Di Carli for his
remarkable contributions and congratulate him on his appointment
as the new editor-in-chief of the Journal of Nuclear Cardiology.
Drs. Di Carli and Bengel also are the editors of an upcoming JNM
special supplement on cardiovascular imaging. Sharmila Dorbala will
join Dr. Bengel as the new JNM AE team member for cardiology.
Editing a discipline-leading medical journal is a rewarding chal-

lenge, possible only through the contributions of many individuals.
I want to thank all the JNM AEs—those in changing roles and
others who continue their valuable work—for their excellent coun-
sel, dedication, and unfailing collegiality.
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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

Pioneering Research on Cancer Quality of Life and Outcomes
Johannes Czernin Discusses a Half-Century ofWhole-Patient Focus with
Patricia A. Ganz

Patricia A. Ganz1 and Johannes Czernin2

1UCLA Fielding School of Public Health, Los Angeles, California; and 2David Geffen School of Medicine at UCLA, Los Angeles,
California

Johannes Czernin, MD, editor-in-chief of The Journal of
Nuclear Medicine, spoke with Patricia A. Ganz, MD, a medical
oncologist who is internationally recognized for pioneering work
on quality-of-life outcomes in cancer patients and in cancer survi-
vorship. She is a Distinguished Professor of Health Policy & Man-
agement at the Fielding School of Public Health (since 1992) and
a professor of medicine at the David Geffen School of Medicine
(since 1978), both at the University of California, Los Angeles
(UCLA). She received her undergraduate degree from Harvard
University (Radcliffe College, Boston, MA) and her medical
degree from the UCLA School of Medicine. She completed her
training in internal medicine and hematology/oncology at UCLA
Medical Center. Since 1993 she has been the Associate Director
for Population Science Research at the Jonsson Comprehensive
Cancer Center at UCLA, where she also leads the Cancer Control
and Survivorship Program. In 1999 she was awarded an American
Cancer Society Clinical Research Professorship for “Enhancing
Patient Outcomes Across the Cancer Control Continuum.”
Dr. Ganz was elected to the Institute of Medicine (now the

National Academy of Medicine) in 2006. She served on the
National Cancer Institute Board of Scientific Advisors from 2002
to 2007 and on the American Society of Clinical Oncology Board
of Directors from 2003 to 2006. She received the American Cancer
Society Medal of Honor in 2010 and recently was the recipient of
the American Association for Cancer Research–American Cancer
Society Award for Research Excellence in Cancer Epidemiology
and Prevention.
Dr. Czernin: Patricia, you have made major contributions to

cancer prevention and treatment and to our understanding of
therapy consequences such as cognitive dysfunction after chemo-
therapy and cardiotoxicity. You were a pioneer in patient-centered
outcomes, emphasizing the importance of quality of care and
introducing survivorship programs. But as an undergraduate at
Harvard you started out in a different direction, with a degree in
biology and no hint of your future work.
Dr. Ganz: My first publication was in the American Journal of

Physiology (1970;219:604–612) describing my senior thesis research
on an isolated rat heart preparation. This followed several previous
summers during undergraduate years volunteering in a UCLA pedi-
atric cardiology research laboratory (where I met my future hus-
band, Tom Ganz). Encouraged by my physician father and these
laboratory experiences, I decided to apply to medical school,

returning to Los Angeles to attend
UCLA Medical School. Tom was fin-
ishing his senior year of college, and we
were married at the end of my first year
of medical school. My first exposure to
cancer patients occurred during my
internship. Cisplatin was in phase II
trials and being tested in testicular can-
cer patients. There were amazing
responses, with young men who were
on their death beds rising like Lazarus.
Then we had doxorubicin and began to
treat lymphomas and even breast cancer with chemotherapy. With
these exciting therapeutic innovations, I decided to become an oncol-
ogist rather than pursue a career in cardiology. When I joined the
UCLA faculty, hospice care was only beginning to be evaluated. At
the Veterans Affairs hospital at Sepulveda, I was asked to lead a pal-
liative care unit, providing multidisciplinary care for veterans with
advanced cancers that were incurable. This proved to be a wonderful
setting for research. We developed one of the first quality-of-life
questionnaires. We created a cancer research team that included a
psychiatrist, a psychologist, and a medical oncologist. You can
really do a lot more together. And it was from that moment that we
did team science.
Dr. Czernin: What would you add to this group today?
Dr. Ganz: Thinking about quality-of-life outcomes was impor-

tant. But to understand the impact of cancer on patients, today
imaging, biomarkers, and inflammatory markers should be
included. We would add psychosocial research in terms of survey
research and would get the help of statisticians for population sci-
ence research.
Dr. Czernin: The concept of survivorship did not actually exist

at this time?
Patricia Ganz: The concept of cancer survivors emerged in the

mid-1980s, reflecting new cures in lymphoma and testicular cancer
patients, as well as childhood cancer survivors. Although palliation
of symptoms was being developed at that time for patients with
advanced cancer, we now realize that palliation is important any-
where along the continuum, whether for newly diagnosed patients,
those with advanced disease, or long-term survivors—especially
noteworthy for young adults surviving childhood cancers.
Late effects from chemotherapy and radiation were causing

damage to the brain and heart, leading to chronic disease and early
mortality, as well as to second cancers. To better understand the
late effects of cancer treatment it was important to capture

Patricia A. Ganz, MD
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information directly from the patient. In 1990 I chaired a National
Cancer Institute workshop on including quality-of-life assessment
in clinical trials. The Food and Drug Administration was extremely
resistant. They were at the meeting and said, “Well, how can you
believe what the patient says?”
Dr. Czernin: When did you start to focus on patients at high

risk for cancer through inheritance?
Dr. Ganz: Family studies in the early 1990s showed potential

hereditary genetic abnormalities on chromosomes 17 and 13,
which were named BRCA1 and BRCA2. The genes were cloned in
the mid-1990s, and commercial testing for mutations became
available. Some ethicists were concerned about offering testing,
with the argument that we did not have much to offer to these
patients. However, many patients were interested in having informa-
tion that could help their families understand their risk for cancer.
With cancer center support, we were able to start a family registry
that provided genetic counseling through a research protocol.
Dr. Czernin: What did you offer the patients at that time?
Dr. Ganz: In 1998, prophylactic mastectomies were not per-

formed very often. Our research protocol assessments were done
with a certificate of confidentiality, and we did not put the test
results in the medical record. People were worried about insurance
discrimination. We are so much farther ahead now, to the point
where some are even arguing for universal testing in unaffected
individuals. Eventually genetic testing became a clinical standard
of care for cancer patients and their family members.

Dr. Czernin: When and how did knowledge about high-risk
patients transform early diagnostic approaches?
Dr. Ganz: Initially, stigmas were attached, and it was difficult

to get people tested. But once they began to be tested, around the
early 2000s, we offered them either oophorectomy or bilateral mas-
tectomies for prevention. However, it was not until the Genetic
Information Nondiscrimination Act (GINA) of 2008 that most peo-
ple felt safe getting tested. GINA protects individuals against health
coverage or employment discrimination based on their genetic infor-
mation. Screening with MRI began, for early identification of indivi-
duals with family histories who might just want to have surveillance.
Dr. Czernin: Recently the mammography guidelines have

changed, with the recommended screening age changing from 50
to 40 years old. Can you elaborate on what happened?
Dr. Ganz: There are no new data at all on women in their 40s.

All of the randomized mammography studies were done in the
1990s or even 1980s. As we know, mammography is not a perfect
test; there are many false-positives. A few years ago, the U.S. Pre-
ventive Services Task Force (USPSTF) said, “Only start screening
at 50, and it should be every other year. For women in their 40s, a
discussion should take place.” But the American Cancer Society
recommended that women should start screening at 45, with
screening annually through the 50s and then every other year after
60. So the new USPSTF guideline was actually not based on any
new data. However, breast cancer is so much more common in
younger African American women, so the USPSTF saw this as an
opportunity for early detection, despite the risk of false-positives.

Patients who are at high risk or a member of a group at high risk
definitely needs to be screened at these younger ages.
Dr. Czernin: There was still some controversy about this

change, but you are clearly in favor.
Dr. Ganz: I think so. The problem is that they recommend

screening every other year, which doesn’t make sense. We need
better guidelines for who is at high risk and needs MRI.
Dr. Czernin: What are some of the major advances in breast

cancer care, and what are the next challenges?
Dr. Ganz: We converted women with triple-negative or HER2-

positive cancers who were not hormone receptor–positive into long-
term survivors. That’s an amazing story. For patients with estrogen
receptor–positive cancers, we have the problem of lifelong continu-
ous recurrence and very late relapses. So a lot of what we are look-
ing at now is tumor dormancy. Why is it that 15 or 20 years later,
those cells suddenly start to wake up? Can we figure out who those
women are? Can we identify individuals who might be at risk for
recurrence? And if we treat them early, will it make a difference?
We have no idea. But that is the direction in which things are going
with treatment of patients with hormone receptor–positive disease.
Dr. Czernin: Many of your major research themes have come

together in the concept of patient-reported outcomes, including
cancer-related cognitive impairment or fatigue.
Dr. Ganz: These persistent symptoms can actually happen with

surgery or radiation alone but more often occur with chemotherapy
or endocrine therapy. A lot of what we think is going on with

fatigue or with cognitive changes is increased inflammation in the
brain. The systemic inflammation associated with chemotherapy
or radiation crosses through the blood–brain barrier, activates the
microglia, and causes local inflammation. That is what we think
slows down thinking and functioning. So we are testing oxaloace-
tate in a phase 2 trial to determine whether this glutamate scaven-
ger can reduce some of that inflammation.
Dr. Czernin: Is cognitive dysfunction after chemotherapy usu-

ally fairly stable?
Dr. Ganz: As I began my interest in this 20 or more years ago, I

would ask anyone to whom we gave chemotherapy, “Are you hav-
ing any troubles?” And it was mostly women, 55years old or youn-
ger, who were having problems. Patients in their 60 s who received
the same recipe—no problem. Daniel Silverman, MD, PhD, and
I used brain PET to study patients who had undergone chemother-
apy, surgery, and radiation, and we picked up some subtle differ-
ences in patients who were getting endocrine therapy and those who
were not. This was before ovarian suppression was widely used.
Today we are about to launch a trial that includes 5 years of ovarian
suppression with endocrine therapy, with or without chemo. I am
really worried for those younger women, so I’m working very hard
to do a parallel cohort study that can look at these women 10 or
15years later. I won’t be around to analyze it, but it’s my legacy.
Dr. Czernin: Another line of your research is centered around

quality of care. What should be the key metrics for quality of care?
Dr. Ganz: What does patient-centered care delivery mean? It

means that patients and their families know from the beginning

`̀ ….[Cancer patients] have psychologic, behavioral, and family settings that can either help promote their well-being
and recovery or adversely affect it. If we think only about the tumor and not the whole person, we are not going to

deliver the best care.´́
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what their diagnoses are and what treatment options are available.
Some patients will say “I want you to decide,” and others will say
“No, I want to be more involved.” Psychosocial services must be
included in these decisions, with screening for depression and anx-
iety and appropriate management with professional interventions
and medications. Palliative care must be available from the very
beginning; we cannot wait until the patient reaches the end-of-life
stage. We also need to talk frankly about the cost of care. If a new
targeted agent costs $20,000–$30,000 out-of-pocket, some patients
with advanced disease may choose not to spend their life savings
on that. These are decisions that require a team. From my own
perspective, most oncology professionals focus on the tumor, its
biologic characteristics, and the extent of disease; they do not
think about the person in whom the tumor grows. That person has
a life history—one that, in fact, may have affected the kind of can-
cer with which they have been diagnosed. But they also have psy-
chologic, behavioral, and family settings that can either help
promote their well-being and recovery or adversely affect it. If we
think only about the tumor and not the whole person, we are not
going to deliver the best care.
Dr. Czernin: The final question I have is on the topic of aging

and cancer, another focus of your current work. Does adaptation
to disease become more and more difficult with age?
Dr. Ganz: A lot of work has demonstrated epigenetic and

inflammatory changes after chemotherapy or radiation, with accel-
erated aging in the tissues. This may be influenced by host factors
predisposing some people to such age acceleration. We did a very
nice study about 20 years ago that included a group of breast can-
cer survivors who were previously evaluated and persistently
fatigued at 5–10 years after cancer treatment and a group who
were not fatigued. We exposed them to a standardized stressful
evaluation in which they did mental arithmetic and gave a speech
before a panel of judges. We found that the cortisol response was
blunted in persistently fatigued survivors and that without this ele-
vation in cortisol there was more inflammation in the body. What
we are seeing now in long COVID is that only certain individuals
are experiencing “brain fog” or fatigue, just like after cancer treat-
ment, with only some individuals predisposed. By the way, fatigue
is one of the hallmark manifestations for age-related frailty. It is
my view that the body has only a limited repertoire for response to
these kinds of stresses. Very intensively treated breast cancer
patients are more likely to see these problems. There is an interac-
tion among the host factors, the person, their biology, their genet-
ics, and the exposure, so that in that group we tend to see clinical
and biologic evidence of acceleration of aging features.

Dr. Czernin: We do not need to belabor the challenges of
access to care, because they are so obvious and pervasive. But in
your opinion, what is our responsibility to improve access, expand
the availability of screening, and address health care disparities
in cancer?
Dr. Ganz: The cancer care system sometimes can give people

an advantage in getting services, especially since it is more likely
that patients will get emergency medical assistance. Think of what
Mark Litwin, MD, MPH, has done with his prostate cancer pro-
gram throughout California, supported by the state government.
Those men getting access to the state program get a lot of attention
and resources for neglected conditions. But I think all along the
continuum, we need to be able to identify high-risk people from
multiple perspectives: genetic, socioeconomic, or racial.
Dr. Czernin: What is your advice for young people today as

they enter the medical field? Who should enter it, and what should
be their driving force?
Dr. Ganz: I just came back from the American Society of Clin-

ical Oncology meeting, and I was impressed with the number of
young people there. People are being attracted now to focus on
cancer in a different way from when you and I were in our early
careers. We were attracted because we were interested in the
whole person. We didn’t always expect to cure someone, but we
could care for them. The disease was interesting scientifically, and
the research opportunities were there. Young physicians today are
really focused on therapeutics and new targets; I think that is what
attracts them. I have an oncology fellow who is getting a PhD in
health policy with me, and at an upcoming research retreat she is
presenting her work in psychosocial outcomes for young adults
treated for cancer. Very few of the current fellows are interested in
these topics; instead, they are focused on new drug targets.
Dr. Czernin: What do you think should be driving them?
Dr. Ganz: Part of the problem is that our health care system is

so fragmented that it is difficult to deliver good care. Most com-
munity physicians don’t have social workers, nurse practitioners,
or other specialized individuals who can serve to extend the physi-
cians’ care. One minute the physician is seeing somebody with
advanced lung cancer, the next minute someone with melanoma,
and the next someone with advanced pancreatic cancer. It’s really
hard. Cancer care is not organized in a way that protects the physi-
cian from burnout or that encourages opportunities for team care
experiences. We need to change the way cancer care is delivered.
Dr. Czernin: Thank you, Patricia, for taking the time to talk

with our readers and provide them with your unique insights into
cancer care.
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The deployment of artificial intelligence (AI) has the potential to make
nuclear medicine and medical imaging faster, cheaper, and both more
effective and more accessible. This is possible, however, only if clini-
cians and patients feel that these AI medical devices (AIMDs) are trust-
worthy. Highlighting the need to ensure health justice by fairly
distributing benefits and burdens while respecting individual patients’
rights, the AI Task Force of the Society of Nuclear Medicine and Molec-
ular Imaging has identified 4 major ethical risks that arise during the
deployment of AIMD: autonomy of patients and clinicians, transparency
of clinical performance and limitations, fairness toward marginalized
populations, and accountability of physicians and developers. We pro-
vide preliminary recommendations for governing these ethical risks to
realize the promise of AIMD for patients and populations.
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Artificial intelligence (AI) and machine learning systems will
likely soon be incorporated into various aspects of patient care in
nuclear medicine. These AI medical devices (AIMDs) fuse tradi-
tional medical devices with continuously learning software systems
to improve patient care and health-care worker practices. AI in
nuclear medicine offers a tremendous opportunity for faster and
more reliable diagnoses (1), and over 340 medical imaging AIMDs
have been approved by the U.S Food and Drug Administration at
the time of writing this publication (2). The ethical benefits of
AIMD may be particularly profound in nuclear medicine, where
the use of radiation generates a strong imperative to use all feasible
means to minimize exposure doses (e.g., the ALARA principle)

and improve the accuracy of treatment. However, the deployment
of AI without regard to potential ethical risks may result in unin-
tended harm to patients and health-care systems (3). Many have
raised concerns regarding patient privacy, the opacity of algo-
rithms, deskilling of clinicians, and the robustness of systems in
lower resource contexts (4–7). Moreover, there is mounting evi-
dence that AIMDs may exacerbate existing health disparities based
on race, ethnicity, sex, and socioeconomic status (8–10). Grappling
with these ethical issues is essential before the widespread adoption
of AIMDs in nuclear medicine.
The AI Task Force of the Society of Nuclear Medicine and

Molecular Imaging has set out to make clear the assignments of
responsibility between developers, physicians, and regulators by dis-
tinguishing between the development and deployment of AIMDs. In
a companion paper (11), we will discuss the ethical duties of
researchers in 3 phases of the AIMD production pipeline: during
data collection, training and validation, and evaluation of the tool. In
this paper, we focus on the obligations of clinicians and regulators
during the deployment of AIMD.
The use of medical devices has historically been constrained by

the traditional 4 principles of medical ethics—autonomy, nonmale-
ficence, beneficence, and justice—with the greatest emphasis
placed on patient autonomy and nonmaleficence (12). AIMDs are
sometimes thought to make compliance with these first 2 princi-
ples more challenging. By automating diagnostic and prognostic
tasks within opaque AI models, they make informing patients and
catching errors more difficult. Professional societies have thus
sought to extend the core ethical principles of autonomy, benefi-
cence, nonmaleficence, and justice to include further principles
such as explicability and transparency to buttress patient autonomy
and prevent harmful errors (6).
Although these extended frameworks are well suited to interac-

tions between clinicians and individual patients, they are less well
suited to the governance of AIMDs within complex health sys-
tems. Governance of AIMDs requires distributing benefits and
burdens between multiple stakeholders. For instance, reasonable
people may disagree about the appropriate tradeoff between false-
positive and false-negative rates for the detection of malignancies,
but an AIMD may be able to encode only a single tradeoff for all
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patients. The traditional principles of clinical ethics, which focus
on the obligations of caregivers or researchers in direct contact
with patients, cannot be straightforwardly applied to these multia-
gent decisions (13,14). In this respect, the governance of AIMDs
ought to take seriously the problem of navigating the circum-
stances of justice, where multiple stakeholders must work together
to produce a shared good (i.e., AIMDs) while respecting one
another’s rights and fairly distributing benefits and burdens (14).
Although some of the traditional principles of clinical ethics may
be useful as starting points, their application to AIMDs requires a
greater emphasis on the principle of justice. Throughout this paper,
we consider the deployment and governance of AIMDs in nuclear
medicine through the lens of 3 domains of value: patient welfare,
patient autonomy, and health justice (Table 1).

CLINICAL USE OF AIMD IN NUCLEAR MEDICINE

Clinicians possess the primary ethical responsibility for the use
of AIMDs in patient care. This places burden on clinicians to
understand the capacities and limits of algorithms but also rein-
forces the case for developers to clearly specify the performance
of the algorithm and its intended-use cases. In this section, we
review some ethical considerations for clinicians as they deploy
AIMDs to improve patient well-being, respect patient autonomy,
and promote health justice.

Patient Well-Being
One of a clinician’s primary responsibilities is to act in the best

interests of the patient, avoiding harm and benefitting well-being
when possible. This requires that clinicians be attentive to automa-
tion bias, knowledgeable about the task-specific performance and
limitations of an AIMD, and appropriately cautious about the
implementation of AIMDs in their practices. Moreover, identify-
ing whether the use of an AIMD is in a patient’s best interest
requires consideration of the specific values of individual patients.
Intended Use and Performance. Although AIMDs are emerg-

ing as incredibly powerful new tools in health care, increasingly
able to make diagnostic or treatment recommendations, the nature
of the physician–patient relationship requires that those at the bed-
side retain responsibility and accountability for potential errors in
AI-based medical diagnosis or risk stratification. Although develo-
pers and regulators carry an ethical burden to ensure that AIMD
performance claims are warranted (15), the clinician who is cre-
dentialed by the appropriate professional body is responsible for
the clinical action. This suggests 3 considerations.

TABLE 1
Ethical Dimensions of AIMDs According to Primary Responsible Party: Clinicians During Deployment, Governance by

Administrators and Professional Societies, and Governance by State and Federal Regulators

Ethical
dimension Clinicians during deployment

Governance by administrators
and societies Governance by regulators

Welfare Ensure familiarity with
performance and limitations of
AIMDs before use

Ensure clinicians are trained in
AIMD performance and
limitations

Ensure that clinical utility, not just
in silico performance, is
evaluated and declared

Avoid off-label or unevaluated
use of AIMD

Avoid automation bias through
technical and policy
interventions

Ensure that legal liability for harm
is clearly demarcated

Autonomy Ensure consent to direct data
collection and that risks,
benefits, and limitations of
AIMD are declared to patient

Ensure clear protocols for
declaring risks and benefits
of AIMD to patients

Ensure that performance and
limitations are declared in
ways that enable patient and
clinician decision-making

Consider notification for
secondary reuse of data in
learning AIMDs

Promote legitimacy by
involving patients in policy
priority setting for AIMD use

Promote techniques that explain
salience of input features at
population level

Justice Carefully justify use of sensitive
attributes (race, sex, etc.) as
input features

Ensure regular auditing of
performance disparities by
race, sex, etc.

Require evaluation of
performance disparities by
race, sex, etc.

Avoid conflicts of interest as
clinician/researcher

Ensure clear mechanisms
for managing clinician/
researcher conflicts of
interest

Promote broad access to AIMDs
through subsidy and regulation

Use of term ensure or required denotes legally or ethically required conduct; use of term promote or avoid denotes ethically ideal
conduct.

NOTEWORTHY

" Clinicians retain primary ethical responsibility for the appropriate
use of AIMDs in nuclear medicine.

" Protecting patient and physician autonomy requires declaring
the intended use, performance, and limitations of the AIMD for
specific clinical tasks.

" Ensuring that AIMDs promote health equity requires attention
to structural inequalities to ensure that the system is equally
accurate and accessible for all demographic subgroups.

" Governance of AIMDs should foster warranted trust in AIMDs
by defining legal responsibilities, incentivizing transparency,
and providing appropriate funding, training, and infrastructure.
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First, clinicians should be knowledgeable about the intended
use of an AIMD system. The Food and Drug Administration has
done substantial work to define a typology of AIMD (what they
call Software as a Medical Device), based on the level of
computer-aided detection (CADe) or computer-aided diagnosis
(CADx) that the AIMD is intended to provide (Table 2) (16).
Non-CADe systems provide measurement or annotation of imag-
ery without interpretation. CADe refers to an AI device that
intends to identify abnormalities but does not attempt diagnosis or
treatment recommendations. CADx systems attempt to directly
diagnose the presence (and severity) of a disease (4).
Grading AIMDs on this scale allows clinicians to identify the

level of risk associated with using a specific AIMD in a clinical
workflow. Consider AIMD systems involved in PET workflows.
Most systems at the non-CADe level, such as a PET quantification
tool, may pose lower risks since they simply provide additional
information that the physician incorporates into decision-making.
Although even at this level, AIMDs may inadvertently eliminate
or de-emphasize malignant features in imagery (17). At the CADe
level, the risk increases since physicians may deviate from their
judgment on the basis of overreliance on AI-based detection and
segmentation of tumors on, for example, 18F-FDG PET. The high-
est risk comes with CADx systems, since they provide binary
(or categorical) diagnostic information and may obscure the under-
lying evidence or reasoning for the diagnosis from the clinician.
In all cases, clinicians should not use an AIMD outside its
intended use.
Second, responsible use of AIMDs requires that clinicians be

familiar with the task-specific performance of an AIMD within the
population that the clinician serves. In a previous paper (15), we
noted that AIMDs should ultimately be evaluated by their perfor-
mance on clinical tasks in representative clinical contexts and
populations. To avoid inappropriate use, clinicians should famil-
iarize themselves with these performance data, including differ-
ences in accuracy for race or sex subpopulations.
Finally, clinicians must consider the risks of automation bias (18).

Automation bias occurs when users come to unquestioningly accept
the output of AIMD, without appropriate regard for predictive errors
or uncertainties. In general, clinicians should act with an appropriate
level of skepticism with respect to the outputs of AIMDs, until such
time as they are well integrated into routine clinical practice. Indeed,
most Food and Drug Administration–approved AIMDs specifically
include a statement that the software is not intended to diagnose or
treat a disease and may only be applied as a measurement tool.
Nonetheless, as CADx systems start to appear, and as AIMDs begin

to demonstrate better accuracy than physicians at a specific task,
automation bias may become difficult to resist (19). It is critical to
remain attentive to the fact that ethical clinical decision-making
requires sustaining the shared decision-making paradigm, where AI
is but one source of information in a set of considerations that,
together, contribute to a decision (20).
Patient Best Interest. The outputs of AIMDs will inform clini-

cian decision-making about a host of tradeoffs in medical imaging:
for example, between false-positive and false-negative diagnoses,
or acceptable dosage of radioisotopes relative to investigational
value. Two considerations are relevant.
First, minimizing harm and maximizing benefit require that we

recognize imbalances in the harm of false positives and false nega-
tives for a specific task. For example, in a cancer diagnosis task,
false negatives will often have higher costs for patients than false
positives (21). This suggests that common performance measures
for AIMDs may not provide sufficient information to clinicians
and patients involved in shared decision-making. For instance, the
area under the receiver-operating-characteristic curve is a thresh-
old agnostic performance metric that treats false positives and
negatives as equivalently weighty (which is rarely true in the clini-
cal context) (22). Nor does task-specific selection of simple
metrics (e.g., minimizing false negatives) solve the problem, since
for almost all tasks both false negatives and false positives harm
patients (i.e., through under- and overtreatment). Instead, clear
communication of confusion matrices may be a necessary compo-
nent of clinical evaluation, to ensure that doctors and patients can
navigate the complex assessment of costs and benefits themselves.
Second, minimizing harm and maximizing benefit require care-

ful consideration of the different ways patients make tradeoffs
between the risks and benefits of interventions. Many interventions
in nuclear medicine carry grave tradeoffs between longevity and
quality of life. In this respect, AIMDs—and especially CADx or
CADe systems (23)—should avoid unnecessarily hard coding
judgments about the appropriate risk and benefit tradeoffs (24).
For instance, during radiation therapy planning, an AIMD that seg-
ments tumors in PET/CT could provide an estimate of how much
diseased tissue is present in each voxel of the image (25), allowing
caregivers and physicians to discuss risk tolerances with patients.
Of course, not all value judgments can be avoided in the develop-
ment of an AIMD. Tasks such as image denoising or instrument
calibration (26)—although they affect the error rates of down-
stream diagnosis or intervention—are too abstracted from patient
outcomes for meaningful dialogue with each individual patient to
occur. In these cases, reasonable effort should be made to ensure

TABLE 2
U.S. Food and Drug Administration Grading System for Risk Evaluation of Software as Medical Device (15)

Significance of AIMD

Patient condition

Non-CADe
(e.g., measure, denoise,

annotate; no interpretation)

CADe
(e.g., identify abnormalities;

dosimetry calculation)

CADx
(e.g., guide diagnosis

or treatment)

Not serious I I II

Serious I II III

Critical II III IV

I–IV represent lowest risk through highest risk.
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that embedded value judgments—that is, aggressiveness of denois-
ing, or sensitivity to patient motion—reflect broadly held stan-
dards. If well-established standards do not exist to guide the
selection of critical thresholds, developers should seek to involve
stakeholders, including patients and providers, in the selection pro-
cess (27).

Patient Autonomy
Clinicians must respect their patients’ autonomy, and this

requires that they provide patients with sufficient information to
consent to interventions (12). At a minimum, patients must be
notified of the use of an AIMD during diagnostic or therapeutic
interventions, the safety and efficacy of the AIMD for patients
such as them, and any known risks or limitations associated with
the AIMD. Furthermore, whereas explainability techniques may
facilitate patient autonomy in the future, physicians should be cau-
tious in overly relying on them given current limitations.
Notification and Risk Declaration. Clinicians have an obligation

to notify patients regarding the use of AIMDs in a clinical workflow
when the clinicians have reason to believe that this information
would be material to the patients’ decision-making. First, perfor-
mance information should be clinically relevant (e.g., false-positive
and -negative rates in clinical contexts) and not simply abstract
performance metrics (e.g., area under the receiver-operating-
characteristic curve). This will enable informed discussions with
patients about the relative risks and benefits of AIMD use and the
relevance of an AIMD’s findings to the overall prognosis or treat-
ment plan. Second, performance limitations for racial or sex subpo-
pulations should be declared to patients who are members of the
disadvantaged class. This requires that the performance of the AIMD
be evaluated in subpopulations that are likely to be encountered.
Moreover, alternatives to the use of the AIMD, and the relative per-
formance of these alternatives, should also be provided to patients.
Explainability. The black box nature of deep learning means

that detailed information about the decision procedure of AIMDs
is not always accessible or interpretable, arguably undermining cli-
nician and patient understanding (28,29) (the standard practice for
preparing informed consent forms is to use an eighth-grade read-
ing level). Explainability refers to a cluster of techniques that aim
to help physicians understand and explain the AI’s internal
decision-making process. Although explainability techniques may
sometimes be useful, we argue that understanding the performance
and limits of the AI system is likely more important. We do so for
2 reasons.
First, currently existing explainability techniques are not able to

reliably explain predictions at the individual level (30). Calls for
greater explainability often assume that these techniques can
describe the precise computational pathway between individual
inputs and outputs (31). One purported strategy is to create a paral-
lel regression model that identifies the statistical association of
particular input features to an AIMD’s output. Another is to
develop heat maps that purport to identify the areas of an image
that were relevant to the prediction. It is unclear, however, whether
these techniques deliver information about individual predictions
or about the general parameters of the model (6,19). Moreover,
emerging evidence indicates that explainability techniques may
actually compromise clinicians’ ability to identify incorrect out-
puts and thus worsen automation bias (19).
Second, calls for explainability often conflate the different

forms of explanation that are desirable in different contexts (32).
Ferretti et al. (28) distinguish among 3 forms of opacity in medical

AI: lack of disclosure, epistemic opacity, and explanatory opacity.
Lack of disclosure refers to instances in which patients are
unaware that diagnostic or interventional decisions are being made
with the aid of an AIMD. These can be dealt with through simple
notifications on the use and performance of AIMD. Second, epi-
stemic opacity refers to the inability to inspect the precise compu-
tational pathway (i.e., feature weights and parameters) between
inputs and predictions. Although this information may be useful to
developers, this level of transparency about decision pathways is
rarely demanded of other medical interventions (33). Finally,
explanatory opacity refers to the inability to explain why the input
data are causally connected to the prediction—a problem of partic-
ular importance in machine learning, which relies on identifying
statistical regularities that may not have well-characterized causal
explanations. It is unclear, however, whether principles of in-
formed consent require clinicians to explain to patients the precise
causal pathway between diseases and diagnostic tests (33,34).
Moreover, a detailed explanation of the causal mechanisms under-
lying imaging results and disease diagnosis would require a greater
understanding of statistics and nuclear medicine than most patients
possess. These considerations suggest that explainability techni-
ques—although of technical interest to developers—may not be
necessary to satisfy existing informed consent practices.

Justice and Algorithmic Fairness
Basic principles of procedural and distributive justice require

that AIMDs treat subgroups within a population fairly. It is well
established, however, that machine learning models in medicine
can exhibit race, sex, or socioeconomic biases (35,36). Many of
these biases may be encoded before deployment (37), but even
carefully trained models can create unfairness when they are inap-
propriately deployed (i.e., in out-of-sample populations or by
ignoring shifts in the deployment population). In this context,
users and administrators are obligated to ensure that the deploy-
ment of AIMDs is procedurally fair and promotes distributive
fairness.
Procedural Fairness. Procedural fairness requires that patients

be treated with equal consideration, regardless of their race, sex,
religion, or other protected characteristics (12). Unfortunately,
there is some evidence that clinicians (both in nuclear medicine
and in other specialties) have often failed to live up to this require-
ment with respect to the provision of medical imaging (38).
Although structural barriers mean that equal access does not
ensure equal opportunity to benefit from AIMD, procedural fair-
ness requires that the medically indicated use of AIMDs be offered
to patients regardless of their protected characteristics.
Procedural fairness also discourages the use of a patient’s pro-

tected characteristics as an input feature. Historically, some medi-
cal decision-making tools have used features such as patient race
or ethnicity as direct inputs (39,40), informed by ill-conceived
genetic and biologic understandings of race (41). For instance, a
common breast-cancer screening tool uses race alongside family
history, age, and the Breast Imaging Reporting and Data System
breast density score (42), with the result that it may underestimate
risk in nonwhite patients (40). Although some now argue that race
can act as a proxy for the influence of racist oppression on
patient’s health, naïve attempts to try to correct systemic bias may
unintentionally introduce biases of their own (43). For instance,
it can impose tradeoffs on marginalized groups: by using features
such as race to improve the accuracy of risk predictions, we may
reduce access to desired treatments or interventions for that

1512 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 10 & October 2023



group (39). Moreover, the capture of demographic information
(e.g., through self-identification or physician assessment) is
imprecise and can contribute to the reification of stereotypes
among clinicians about patient risk. As our understanding of the
link between health, race, and other socially salient attributes
improves, we believe that the use of these categories to make clini-
cal decisions requires careful justification. These justifications
should include robust knowledge of the data sources for demo-
graphic information, the causal structure of the association between
the attribute and health, and the effect on marginalized people of
using socially salient attributes to make clinical decisions.
Distributive Fairness. Another potential concern is the accuracy

of AIMDs by ethnicity, socioeconomic status, or sex. Encourag-
ingly, there has been much recent work on technical methods to
remove bias from AIMDs (37). In a companion paper (11), we will
note that a variety of techniques during the data collection and devel-
opment phase can help ameliorate biases introduced during the train-
ing phase. Nonetheless, these techniques are not sufficient to ensure
that AIMDs reduce health disparities, for at least 2 reasons.
First, the impact of an AIMD on disparities will be dependent on

its precise pattern of accessibility. There are well-documented
inequities in structural access to medical imaging for coronavirus
disease 2019 diagnostics, mammography, and lung cancer screening
(8). The cost of AI implementation is not only limited to the cost of
developing or purchasing the AIMD but also includes supportive
technology infrastructure, training staff, and patient education. Care-
ful assessment of whether AIMDs should be adopted is especially
critical for low-income or rural areas, where implementing expen-
sive AI technology may divert resources from lower-tech interven-
tions, with a greater impact on patient outcomes (44).
Second, even if an AIMD is equally accurate and accessible for

all demographic subgroups, it may exacerbate existing structural
inequalities (45). For instance, an AIMD designed to schedule
future appointments based on a no-show predictor may schedule
patients with a history of missed appointments to overbooked
days. Of course, missed appointments are often related to a
patient’s structural determinants of health—an inability to cover
transportation costs or childcare or to take time off from work—
and hence the very patients who may need additional care must
now experience longer wait times or overbooked clinics. Thus,
even if the AIMD predicts absenteeism correctly regardless of
race or socioeconomic status, its deployment may widen health
disparities due to background structural injustice.

GOVERNANCE OF AIMD

Alongside awareness of the ethical considerations of clinical
deployment, a sustainable governance framework for AIMD is
necessary to ensure its potential is realized. In this section, we will
discuss the need for clear and effective performance claims and
the appropriate way to navigate the assignment of ethical responsi-
bility for the use of AIMDs.

Ensuring Safety and Efficacy
To discharge their ethical duties, physicians must have reliable

information about the task-specific performance, safety, and func-
tional limits of AIMDs. In a prior paper, we note that AIMDs
should be evaluated by robust trials on clinical tasks, not just retro-
spective datasets, before deployment (15). Three additional consid-
erations arise for regulators seeking to evaluate the safety and
efficacy of an AIMD.

First, the safety and efficacy of an AIMD may be relative to the
deployment environment. Consider that an algorithm trained in a
high-resource context with a predominately high-income popula-
tion may not have the same accuracy in other patient populations
or clinical contexts. If the AIMD is deployed in a lower-resource
context, it may expose marginalized patients to harm through
misdiagnosis, inappropriate treatment recommendations, or misdir-
ected therapy. At minimum, the deployment of AIMDs to environ-
ments with more limited resources should be done with caution to
avoid situations in which patients receive inaccurate diagnoses or
treatment recommendations. More expansively, if health equity is
of overriding importance, regulators might require demonstrations
of efficacy in both low-resource and high-resource contexts before
deployment anywhere.
Second, even after initial clinical evaluation, performance test-

ing is an unfinished project. Postdeployment evaluation is essential
for maintaining the trustworthiness of a system and for ensuring
that the AI continues to perform as expected not only when
changes are made to the software but also when populations, dis-
eases, and clinical ecosystems change over time (18). Tools such
as algorithmic audits can help support continuous monitoring of
AIMD performance after deployment (46).
Finally, regulators should be attentive to the fact that, once cer-

tified as efficacious and safe, AIMD solutions may be deployed as
a replacement for physician-directed care. AIMDs can potentially
assist when there may otherwise be no available resources. For
instance, in a region without an on-call trained nuclear medicine
physician, an AI assistant could notify the primary care team and
generate a preliminary report for unexpected urgent findings, such
as pneumothorax in an oncologic PET/CT examination, while
waiting for evaluation by a qualified physician. Although this abil-
ity appears to improve access to high-quality care, reliance on
AIMD decisions by untrained clinicians may lead to inappropriate
diagnosis or treatment that may be worse than delayed care.

Supportive Infrastructure
The performance of an AIMD may have less to do with the

model itself and more to do with the ecosystem around the AIMD.
The successful deployment of an AIMD in nuclear medicine thus
requires 3 key supportive investments.
First, data and standards are needed to support the development,

validation, and testing of AIMDs. Relevant and reliable training
data, comprehensive test sets (26), standardized evaluation and val-
idation methods (47), and comprehensive imaging archive reposito-
ries are crucial to fair, efficacious, and reliable development of
AIMDs. Some of this can be achieved by professional self-
governance. Cognate professional societies in nuclear medicine,
radiology, and medical imaging should consider collaborative
efforts to develop a central repository for developing standards and
sharing reliable datasets for AIMD research and development.
Second, the deployment of AIMDs may require substantial

investment in supportive infrastructure by hospitals and public
agencies. The digital divide prevails in lower-resource contexts
and results in uneven access to, or efficacious use of, medical
imaging technologies due to a lack of basic information technol-
ogy, bioinformatics, and database support (48). Efficacious AIMD
deployment may require vastly increased access to remote and
telemedicine services, as well as access to reliable power and
Internet service in many parts of the globe (49).
Third, the deployment of AIMD requires appropriate training

and policies. Too often, especially in lower-resource health
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systems, new technologies are not used or are used inappropri-
ately, thereby wasting scarce resources that could have been
invested in simpler, proven interventions (50). Moreover, the use
of AIMDs without up-to-date patient privacy or data protection
policies (or appropriate regulators to enforce these policies) can
compound, rather than remediate, the harm of the digital divide in
medicine.

Legal and Regulatory Oversight
Establishing responsibility and accountability pathways is cru-

cial to maintain trust, respect legal limits, and protect human rights
(49). We identify 3 problems for regulators seeking to build com-
munity trust in the use of AIMDs within diagnostic radiology and
nuclear medicine.
First, assigning legal liability for the harm generated by AIMD

may be difficult because of the so-called responsibility gap gener-
ated by systems that automate some components of tasks previ-
ously supervised by humans. Clinicians are ethically responsible
for the use of both CADe and CADx systems, but this does not
absolve developers and administrators of responsibility. If a sys-
tematic error occurs because of inaccurate performance claims,
obscured limitations, or failures of the system in intended-use
cases, responsibility should be placed on those who trained, tested,
and validated the AI device. The assignment of legal liability for
harm is made more complex by the evolving legal status of
AIMDs as regulated medical devices in the United States and
Europe (51,52) and the unsettled requirements for premarket and
postmarket disclosure. As we build a regulatory structure around
AIMDs, the locus of liability for harm must be proactively
addressed by lawmakers and regulators.
Second, AI software is usually proprietary, and external re-

searchers typically have little or no access to training data or
performance evaluations. Ensuring that developers meet their obli-
gations with respect to performance transparency and fairness may
thus require independent auditors, researchers, or government agen-
cies to have access to underlying models and performance info
(53). This may build trust by ensuring there is a public mechanism
for holding AIMDs accountable, reliable, and consistent (54).
Third, the task of oversight and regulation of AI in health care

may not be feasible through a single regulatory agency. The
responsibilities of most current agencies in the Department of
Health and Human Services are narrow. For instance, the Federal
Trade Commission aims to prevent anticompetitive harm, the
Food and Drug Administration ensures the safety and efficacy of
devices, and the Centers for Medicare and Medicaid Services
administer and regulate payment for health-care services (55).
AIMD implementation within nuclear medicine involves all of
these regulatory areas. As a result, there may be either a need to
create a formal method for these agencies to collaborate or a need
to form a new agency to regulate the safety, competition, and ethi-
cal aspects of AI-based devices.

CONCLUSION

There is undoubtedly enormous potential in the use of AI tools
and software in medical imaging. Appropriate implementation of
these technologies can not only increase efficiency and accuracy
but also reduce the burden on clinicians and narrow health ineq-
uity gaps. This paper aimed to anticipate potential ethical consid-
erations for widespread rapidly evolving AIMDs in medical
imaging. Viewing these considerations through the lens of health

disparities permits us to conceive of potential harm to certain
groups in the population and protect against them.
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E D I T O R I A L

Is Actinium Really Happening?

Richard Zimmermann
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Belgium

The most recent survey (1) related to a-radiotherapy develop-
ment showed that 27 molecules labeled with 225Ac are presently
under development, among which 13 have already reached human
test level. The first 225Ac-labeled molecule has entered the clinical
phase III stage (2) and might reach the market by 2028. These mole-
cules cover the most important indications that are studied with
b-emitting radionuclides, but it is obvious that each single 177Lu-
labeled drug will be explored as a 225Ac-labeled analog. Among the
35 177Lu-labeled molecules that have already reached the clinical
stage, an estimated dozen have a high chance to reach the market
before 2030, not even taking into account all the generics. Actinium-
labeled drugs will follow the same trend, with a delay of about 5y. A
global target of half a million patients represents only 1% of the 5-y
prevalence of cumulated cancers (Global Cancer Observatory; https://
gco.iarc.fr), which remains realistic in terms of share of the market
compared with surgery, external radiotherapy, or chemotherapy.
Evaluation of further needs is based on today’s average patient

dose of 100 kBq/kg. At least 10–12 MBq at end of bombardment
must be produced per dose, taking into account losses during han-
dling and transport and labeling yields. On the basis of an average
of 3 doses for a full treatment, each patient will need a total of
30–36 MBq of 225Ac at end of bombardment. In other words,
3,000 GBq at end of bombardment would be sufficient to treat
100,000 patients each year. Industry will have to guarantee capac-
ity for 5–6 times this yearly amount by 2032.
Over the past few years, several large investments were made in

5 different technologies to develop large-scale production of
225Ac. The different routes have been described in the literature
(3,4). Already-operating sites and new-development units for tech-
nologies A–E are summarized in Table 1 with their production
capacities.

THE 5 TECHNOLOGIES

Technology A
Carrier-free 225Ac has been produced through the natural decay

of 229Th. The 3 sites that can presently produce high-quality 225Ac
(United States, Russia, and Germany) will not significantly increase
their production capacity. Only Russia is planning such capacity
improvement, but the additional amount will remain insignificant
compared with the future demand. Fortunately, the war has not
(yet) altered access of 225Ac to U.S. patients in clinical trials from

Russian sources. In the United States, the company TerraPower
obtained access to larger amounts of 229Th that still need to be puri-
fied and plans stepwise progress over the next 10 y, although the
output will still be only a small fraction of the future need. If alter-
native routes become successful, this generator route will not
remain competitive, but for the time being, it remains the largest
source of very clean 225Ac.

Technology B
The 232Th activation programs (United States and Canada) have

progressed well. A very high capacity can be reached, and the tech-
nology might allow production of several terabecquerels per year.
Unfortunately, this product remains contaminated with 227Ac (half-
life, 21.8 y). The mixture can be used for development purpose up to
clinical phase II without limitation, but cleaner forms of 225Ac will
be preferred in routine applications and as marketed forms. Specifi-
cations limit the 227Ac threshold to 2%, a level that was demon-
strated not to affect patients (5,6). Release of radioactive waste from
patients in the waste tanks of hospitals is the real issue. Although
European authorities will probably recommend, if not constrain,
users to avoid 227Ac, in the United States this radionuclide needs to
be added to the radioactive waste and will directly affect the level of
the decommissioning financial assurance that is supposed to be in
place at the user’s end. A similar situation was experienced in the
past when the industry was given a choice between no-carrier-added
177Lu and 177mLu-contaminated carrier-added 177Lu. 225Ac/227Ac
might find better applications in the development of 225Ac/213Bi gen-
erators, provided that the industry becomes interested in 213Bi.

Technology C
In the thorium activation process B, 225Ra as a by-product can

easily be separated from the mixture, allowing indirect access to
clean 225Ac through its decay. Unfortunately, yields are limited to
only 10% compared with the 225Ac/227Ac mix, generating high
levels of waste and limiting financial attractiveness.

Technology D
Accelerator production is possible by irradiating 226Ra targets

using small cyclotrons. Several large-scale production sites are now
under construction, supported by companies in the United States
and Europe. Eventually, large amounts of 225Ac might be produced
per week, in theory more than 4 TBq a month (7), but realistically
a tenth of this figure would allow us to stay on the safe side, with
cooling of larger targets becoming the limiting factor.

Technology E
More recent developments have shown that photoconversion

technology not only is a way to generate very clean 225Ac but also
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TABLE 1
Technologies Under Development and Operating Sites for 225Ac Production, Including Estimated Present

and 2032 Capacities

Yearly production capacity (GBq/y/site)

CommentTechnology Source 2023 2032
Total (GBq/y)

in 2032

A: [(233U!) 229Th!225Ac]
(generator)

ORNL, United States 26 26 Up to 3,000 [80] Highest quality of nca
225Ac; may enter price
competitivity

IPPE, Russia 37 (est.) 150 (est. 2025) to
300 (est. 2030)

JRC-ITU, Germany 11 11

TRIUMF, Canada 0.4 0.4

TerraPower, United
States

.10 #2,700

Pantera, Belgium 0 .70 TerraPower source

B: [232Th(p,x)225Ac1227Ac]
(high-energy accelerator)

BNL/ORNL LANL;
Tri-Lab, United States

16.7 Potential, .3,700 .9,000 [.240] Contaminated with
227Ac (0.2% EOB -
$1.5% at calibration);
not suitable for large
scale routine use

CNL/TRIUMF, Canada;
BWXT/ITM, United
States/Germany

.1 Idem .3,700

INR, Russia #1,000

SpectronRx, United
States

.1 .200

Others: Arronax, France;
IsoDar, Japan;
CIAE, China

First GBq
in 2024

Potential,
.200 each

C: [1…1
225Ra!225Ac]

(as side product)
$10% of above;

CNL/TRIUMF, Canada
0.3 .370 (theory) .370 [.10] High level of waste -

expensive

D: [226Ra(p,2n)225Ac]
(cyclotron)

First GBq .4,500 [.120] Additional sites under
evaluation in other
countries (Asia)

SpectronRx, United
States

2023 .500

Ionetix, United States 2023 1,900

Eckert&Ziegler, Germany 2024 550

Alfarim, Netherlands 2025 450–850

N-MediPhysics, Japan .2023 .500

KIRAMS, South Korea .2025 .500

D: [226Ra(d,3n)225Ac] (linear
accelerator)

Nusano, United States #160,000 Under evaluation

E: [226Ra(g,n)225Ra!225Ac]
(photoconverter)

NorthStar, United States 2023 3,700–15,000 .37,000 [.1,000] Rhodotron: nca 225Ac

Pantera, Belgium 2027 3,700–5,000

TerraPower, United
States

2029 3,700–5,000

Niowave, United States 2023 #18,000 Linac: nca 225Ac

Hitachi, Japan .2024 .3,700

F: [226Ra(n,2n)225Ra!225Ac]
(n from d on beryllium
target)

Nusano, United States #44,000 Under evaluation

ORNL 5 Oak Ridge National Laboratory; nca 5 no carrier added; IPPE 5 I.I. Leypunsky Institute of Physics and Power Engineering,
Obninsk; est. 5 estimated; JRC-ITE 5 Joint Research Centre–Institute for Transuranium Elements; TRIUMF 5 TRI University Meson
Facility; BNL 5 Brookhaven National Laboratory; LANL 5 Los Alamos National Laboratory; EOB 5 end of bombardment; CNL 5 Canadian
Nuclear Laboratories; BWXT 5 BWX Technologies Inc.; ITM 5 Isotope Technologies Munich SE; INR 5 Institute for Nuclear Research of the
Russian Academy of Science; CIAE5 China Institute of Atomic Energy; KIRAMS5 Korea Institute of Radiological and Medical Sciences.

Data in brackets are curies.
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should allow large-capacity production. Facilities are under con-
struction in the United States and Europe.

ISSUES TO BE SOLVED

Even if high capacity and reliable access to 225Ac is confirmed
from 2025 on, production of actinium still raises a series of other
issues, some of which are on their way to being solved.

Access to Larger Amounts of 226Ra
Although access and handling of 232Th does not seem to be an

issue, access to larger amounts of 226Ra remains questionable.
Most of the companies are on their way to finding a solution,
either by getting access to domestic (waste) stocks or by extracting
radium from older devices (e.g., paintings, radiotherapy tools, and
older brachytherapy material). In the worst case, this issue should
also be solved by 2025.

Need for Additional Safety Investments
Handling of 226Ra is a more complex issue because this radio-

nuclide generates the gas 222Rn, which is difficult to store and
trap. The increase in patients will proportionally lead to a higher
need for radium and higher production of radon, leading to the
need for additional safety investments.

Risk of Explosion and Contamination
Cyclotron and photoconversion technologies may face the risk

of explosion of the radioactive radium target as cooling will remain
difficult and the limiting factor, leading to potential contamina-
tion with long-half-life radionuclides. The increase in capacity
will therefore be performed stepwise, and the upper limit remains
theoretic.

Potential Toxicity and Limited Therapeutic Efficacy
225Ac is an a-emitter that decays through a 6-step cascade to

stable 209Bi, releasing consecutively 4 a- and 2 b-particles. Recoil
effects and the restricted capacity of chelators to trap decay pro-
ducts limit therapeutic efficacy to the first emitted a-particle. The
additional a- and b-particles released by the daughter radionu-
clides decay elsewhere in the body. 223Ra shows a similar profile,
and the associated drug (Xofigo) was approved by the authorities
without a request for additional studies. Potential toxic effects sim-
ply define the level of the maximum tolerated dose.

Contamination Issues
It is still not clear whether patients eventually will be handled on

an outpatient basis or will be required to stay in shielded rooms,
but patients treated with 225Ac (half-life, 9.92 d) cannot be kept suf-
ficiently long at therapeutic centers to collect all their waste until
full decay. Releasing this waste in nature is not a problem if the

number of treated patients remains low. The situation becomes dif-
ferent if millions of doses are used yearly and a fraction is dissemi-
nated in nature. We yet have a few years for the authorities at the
national level to think seriously about this issue, which is not speci-
fic to 225Ac and will—over the long term—also affect other long-
half-life radionuclides, including 131I, 177Lu, and 161Tb (8). This
issue creates an opening for a next generation of radiotherapeutic
agents with shorter half-lives such as 67Cu, 211At, and 212Pb, but
this is another story.

CONCLUSION

Altogether, the worldwide 225Ac production capacity by 2032,
estimated largely above 25 TBq (670Ci), should be sufficient to
produce at least 2 million patient doses a year. With an additional
investment remaining below $100 million (e.g., accelerator),
another 300,000 doses could be produced per new site. The situa-
tion is much more comfortable than for 177Lu and 161Tb, for which
access to reactors will soon become the bottleneck. In the mean-
time, 225Ac-labeled radiopharmaceuticals are just the beginning of
a success story spanning 15-plus years.
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The 18-kDa translocator protein (TSPO) is gaining recognition as a rel-
evant target in glioblastoma imaging. However, data on the potential
prognostic value of TSPO PET imaging in glioblastoma are lacking.
Therefore, we investigated the association of TSPO PET imaging
results with survival outcome in a homogeneous cohort of glioblastoma
patients. Methods: Patients were included who had newly diagnosed,
histologically confirmed isocitrate dehydrogenase (IDH)–wild-type glio-
blastoma with available TSPO PET before either normofractionated
radiotherapy combined with temozolomide or hypofractionated radio-
therapy. SUVmax on TSPO PET, TSPO binding affinity status, tumor
volumes on MRI, and further clinical data, such asO6-alkylguanine DNA
methyltransferase (MGMT) and telomerase reverse transcriptase (TERT)
gene promoter mutation status, were correlated with patient survival.
Results: Forty-five patients (median age, 63.3y) were included. Median
SUVmax was 2.2 (range, 1.0–4.7). A TSPO PET signal was associated
with survival: High uptake intensity (SUVmax. 2.2) was related to signifi-
cantly shorter overall survival (OS; 8.3 vs. 17.8mo, P 5 0.037). Besides
SUVmax, prognostic factors for OS were age (P 5 0.046), MGMT pro-
moter methylation status (P 5 0.032), and T2-weighted MRI volume
(P 5 0.031). In the multivariate survival analysis, SUVmax in TSPO PET
remained an independent prognostic factor for OS (P 5 0.023), with a
hazard ratio of 2.212 (95% CI, 1.115–4.386) for death in cases with a
high TSPO PET signal (SUVmax . 2.2). Conclusion: A high TSPO PET
signal before radiotherapy is associatedwith significantly shorter survival
in patients with newly diagnosed IDH–wild-type glioblastoma. TSPO
PET seems to add prognostic insights beyond established clinical para-
meters andmight serve as an informative tool as cliniciansmake survival
predictions for patients with glioblastoma.

KeyWords: prognostication; survival; glioma
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DOI: 10.2967/jnumed.122.265247

Glioblastoma is the most frequent malignant primary brain
tumor in adults, and diagnosis is associated with a short life expec-
tancy (1). Although median overall survival (OS) can reach up to
4 y with a molecular profile favorable to adapted chemotherapy
regimens, most glioblastoma patients have a shorter survival
period (1). Overall, successful treatment options remain limited
and there is a need to explore new targets for both diagnostics and
therapy of glioblastoma.
The 18-kDa translocator protein (TSPO) is a ubiquitous mito-

chondrial protein that is gaining recognition as a relevant target in
glioblastoma (2). TSPO has been widely studied in neuroinflamma-
tory diseases because it is considered a marker for activated micro-
glia. However, evidence is growing that TSPO also intervenes in
multiple pathophysiologic processes in glioblastoma, including pro-
liferation, invasiveness, and resistance to apoptosis (2). TSPO
ligands can be radiolabeled and therefore are suitable for in vivo
imaging by PET. As a result, TSPO PET has been used in several
neurologic disease areas with an immune-mediated component well
beyond primary neuroinflammatory disorders, such as neurodegen-
eration (3). The coincidence of genuine tumor cell–associated TSPO
expression and neuroinflammation in glioblastoma underscores that
TSPO PET could be a valuable imaging modality in glioblastoma
patients as well.
Preliminary in vivo studies or case reports using TSPO imaging

in glioma were promising, revealing high tumoral tracer uptake,
especially in glioblastoma (4–7). However, studies investigating a
clinical benefit of TSPO PET in neurooncology remain scarce, and
data on its potential prognostic value are lacking. Therefore, we
investigated the association of TSPO PET imaging results with
survival outcome in a homogeneous cohort of histologically proven
isocitrate dehydrogenase (IDH)–wild-type glioblastoma before
radiotherapy.
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MATERIALS AND METHODS

Patients
Patients were included who had newly diagnosed, neuropathologically

confirmed glioblastoma and available TSPO PET before normofractio-
nated (2-Gy dose per fraction and 60-Gy total dose) or hypofractionated
(2.67-Gy dose per fraction and 40.05-Gy total dose) radiotherapy. In all
cases of tumor resection, only postoperative PET images were used. Nor-
mofractionated radiotherapy was combined with temozolomide in all
cases. Patients undergoing hypofractionated radiotherapy received con-
comitant temozolomide if recommended by the interdisciplinary tumor
board, primarily based on the molecular tumor profile. The local ethics
committee gave permission to perform the study (Institutional Review
Board 601-16 and 17-457). All patients signed an informed consent form.

Histopathologic and Molecular Diagnostics
Patients received either stereotactic biopsy or microsurgical tumor

resection according to clinical routine. Histologic and molecular
genetic assessments were performed according to clinical routine, and
all cases were classified on the 2021 World Health Organization’s
Classification of Tumours of the Central Nervous System (8).

Polymorphism Genotyping
The evaluation of patients’ TSPO binding affinity status—low-affinity

binding (LAB), medium-affinity binding (MAB), or high-affinity binding
(HAB)—was conducted as previously described (4).

TSPO PET Acquisition and Assessment
TSPO PET was performed on a Biograph-64 PET/CT scanner

(Siemens Healthineers). The TSPO radioligand [18F]GE-180 was syn-
thesized as previously described (4). [18F]GE-180 was intravenously
injected (181 6 17 MBq). Low-dose CT was performed for attenua-
tion correction. PET emission data were recorded 60–80 min after
injection, and the summation images taken 60–80 min after injection
were used for image analyses. Reconstruction parameters were applied
as previously described (4). For evaluation of PET images, tumoral
SUVmax was assessed.

MRI
As part of the clinical routine, all patients received MRI scans for radi-

ation treatment planning (median time between PET and MRI, 12 d).
In all cases of tumor resection, only postoperative images were used.
Axial T1-weighted sequences before and after intravenous injection of
0.1 mmol/kg gadobenate dimeglumine contrast agent (MultiHance;
BraccoImaging) were analyzed to measure the total contrast-enhancing
tumor, and T2 or fluid-attenuated inversion recovery (FLAIR) sequences
were used to measure non–contrast-enhancing tumors. Tumor volumes
were manually delineated as defined by the Advisory Committee for
Radiation Oncology Practice of the European Society for Radiotherapy
and Oncology guidelines using the institutional imaging software (Brain-
Lab Smartbrush; BrainLab) (9). In cases of multifocal disease, each focus
was quantified separately and summed together. In patients undergoing
microsurgical tumor resection before radiotherapy, we ensured that post-
operative T2 or FLAIR abnormalities were not surgically induced edema
or ischemia by reviewing diffusion-weighted imaging sequences.

Clinical Evaluation, Tumor Progression, and Clinical Endpoints
Regular clinical follow-up consisted of clinical evaluation and MRI

evaluation every 3 mo, supplemented by O-(2-[18F]-fluoroethyl)-L-tyro-
sine ([18F]FET) PET if appropriate. Tumor progression was defined
according to Response Assessment in Neuro-Oncology criteria (10): at
least 25% diameter increase of the contrast-enhancing lesion; a significant
increase in the T2 or FLAIR nonenhancing lesion; new lesions; clinical
deterioration, probably caused by the tumor and no other causes apart
from it; failure to show up; or death.

The clinical primary endpoint of this study was OS, defined as the
time from first diagnosis until death of the patient. The secondary end-
point was progression-free survival (PFS), defined as the time from
first diagnosis until tumor progression.

Statistics
SPSS version 26 (IBM) was used for the statistical analysis. The Sha-

piro–Wilk test was used to assess normal distribution. The Wilcoxon
signed-rank test, the Mann–Whitney U test or Kruskal–Wallis H test,
and finally the Dunn–Bonferroni post hoc test were used to investigate
group differences. Linear bivariate association between variables was
obtained using the Pearson correlation. For survival analysis, continuous
parameters underwent median split dichotomization. Univariate survival
analysis consisted of the Kaplan–Meier estimator and log-rank test.
Parameters found to be prognostic in univariate analysis were

TABLE 1
Patient Characteristics

Characteristic Data

Age (y) 63.3 (30.6–84.2)

Sex

Male 27 (60.0%)

Female 18 (40.0%)

MGMT promoter methylation status

Methylated 12 (26.7%)

Unmethylated 33 (73.3%)

TERT promoter mutation status

Mutant 39 (86.7%)

C250T mutation 15 (53.3%)

C228T mutation 24 (33.3%)

Wild-type 6 (13.3%)

KPS 80% (60–100%)

Mode of radiotherapy

Conventional 23 (51.1%)

Hypofractionated 22 (48.9%)

Mode of surgery

Stereotactic biopsy 35 (77.8%)

Microsurgical resection 10 (22.2%)

Contrast enhancement

Yes 40 (88.9%)

No 5 (11.1%)

CE-T1w MRI volume (mL) 11.1 (0.0–112.6)

T2w MRI volume (mL) 40.9 (0.0–272.0)

TSPO polymorphism genotype

LAB 6 (13.3%)

MAB 15 (33.3%)

HAB 18 (40.0%)

Not specified 6 (13.3%)

SUVmax 2.2 (1.0–4.7)

MGMT 5 O6-alkylguanine DNA methyltransferase gene; TERT
5 telomerase reverse transcriptase gene; KPS 5 Karnofsky
performance status scale; CE-T1w 5 contrast-enhanced T1-
weighted; T2w 5 T2-weighted.

Qualitative data are number and percentage; continuous data
are median and range.
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TABLE 2
Univariate Survival Analyses

OS PFS

Parameter Median OS Significance* Median PFS Significance*

Age P 5 0.046 P 5 0.014

Median , 63 y, n 5 22 16.33 (9.39–23.27) 10.41 (7.07–13.76)

Median $ 63 y, n 5 23 9.69 (7.28–12.11) 5.88 (3.46–8.30)

Sex P 5 0.330 P 5 0.259

Male, n 5 27 10.48 (2.90–18.06) 6.41 (3.12–9.70)

Female, n 5 18 10.84 (8.32–13.37) 9.69 (5.94–13.45)

MGMT promoter methylation status P 5 0.032 P 5 0.028

Methylated, n 5 12 19.38 (3.16–35.61) 10.84 (4.60–17.09)

Unmethylated, n 5 33 10.42 (8.60–12.23) 7.26 (4.49–10.03)

TERT promoter mutation status P 5 0.939 P 5 0.896

Mutant, n 5 39 10.42 (8.04–12.79) 7.69 (4.99–10.38)

Wild-type, n 5 6 11.30 (6.93–15.70) 8.35 (3.02–13.67)

KPS P 5 0.117 P 5 0.104

Median , 80, n 5 26 8.61 (4.83–12.38) 6.21 (4.32–8.10)

Median $ 80, n 5 19 17.77 (13.15–22.40) 9.69 (7.54–11.84)

Mode of radiotherapy P 5 0.105 P 5 0.175

Conventional, n 5 23 16.33 (11.48–21.18) 8.90 (7.41–10.40)

Hypofractionated, n 5 22 6.83 (0.72–12.95) 5.29 (2.61–7.97)

Conventional radiochemotherapy P 5 0.081 P 5 0.024

$ 1cycle adjuvant temozolomide, n 5 12 19.29 (13.99–24.58) 10.42 (8.93–11.90)

No adjuvant temozolomide, n 5 11 9.86 (3.67–16.04) 6.21 (5.50–6.92)

Hypofractionated radiotherapy P 5 0.064 P 5 0.100

With concomitant temozolomide, n 5 13 10.84 (0.0–26.94) 8.08 (1.21–14.96)

Without concomitant temozolomide, n 5 9 6.83 (1.16–12.51) 5.29 (3.98–6.60)

Mode of surgery P 5 0.118 P 5 0.443

Stereotactic biopsy, n 5 35 9.86 (7.31–12.41) 6.83 (3.90–9.77)

Microsurgical resection, n 5 10 19.29 (16.77–21.80) 8.35 (2.61–7.97)

Contrast enhancement P 5 0.070 P 5 0.419

Yes, n 5 40 9.86 (8.63–11.08) 6.83 (4.54–9.13)

No, n 5 5 21.22 (17.42–25.03) 10.61 (7.79–13.43)

CE-T1w MRI volume P 5 0.289 P 5 0.372

Median , 11.1mL, n 5 23 15.77 (7.90–23.64) 8.90 (7.52–10.29)

Median $ 11.1mL, n 5 22 6.21 (0.70–11.72) 5.65 (3.65–7.65)

T2w MRI volume P 5 0.031 P 5 0.118

Median , 40.9mL, n 5 23 17.77 (6.20–29.34) 8.90 (6.47–11.33)

Median $ 40.9mL, n 5 22 6.83 (1.32–12.35) 5.65 (2.90–8.41)

TSPO polymorphism genotype P 5 0.360 P 5 0.333

LAB 10.84 (8.91–12.77) 9.69 (5.91–13.48)

MAB 17.77 (7.99–27.56) 8.90 (4.76–13.05)

HAB 8.28 (0.78–15.79) 5.29 (3.72–6.86)

SUVmax P 5 0.037 P 5 0.333

Median , 2.2, n 5 23 17.77 (4.40–31.14) 8.41 (7.56–9.23)

Median $ 2.2, n 5 22 8.28 (3.67–12.89) 6.83 (3.63–10.04)

*Bold font highlights the statistically significant associations.
MGMT 5 O6-alkylguanine DNA methyltransferase gene; TERT 5 telomerase reverse transcriptase gene; KPS 5 Karnofsky

performance status scale; CE-T1w 5 contrast-enhanced T1-weighted; T2w 5 T2-weighted.
Data in parentheses are 95% CI.
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subsequently included in multivariate survival analysis using the Cox
proportional hazards model. Statistical significance was defined as a
2-tailed P value of less than 0.05.

RESULTS

Patient Characteristics
Forty-five patients were included. Patient characteristics are dis-

played in Table 1. Cycles of concomitant and adjuvant temozolo-
mide are given in Table 2.
Median PFS and OS for the overall group were 8.1mo (95% CI,

6.0–10.2mo) and 10.8mo (95% CI, 8.5–13.2mo), respectively. At
the last follow-up, 43 of 45 patients (95.6%) had experienced tumor
progression and 40 of 45 patients (88.9%) had died. Of the remain-
ing patients, 1 of 5 was lost to follow-up and 4 of 5 were alive at
the last follow-up. Progression was attributable to the following cri-
teria defined by the Response Assessment in Neuro-Oncology
Working Group: increase of a contrast-enhancing lesion or a T2 or
FLAIR nonenhancing lesion in 14 of 43 patients (32.6%), new

contrast enhancement outside the radiation field in 5 of 43 patients
(11.6%), failure to return for evaluation because of death or deterio-
rating condition in 24 of 43 patients (55.8%), and no patients lost
to follow-up regarding tumor progression.

TSPO PET Findings in Correlation to TSPO Binding Affinity
Status, MRI Findings, and Molecular and Clinical Parameters
Median SUVmax for the overall group was 2.2 (range, 1.0–4.7). TSPO

polymorphism genotyping results are given in Table 1. Median SUVmax

was highest in LAB, which was 2.6 (range, 2.4–3.3), followed by MAB
of 2.2 (range, 1.0–3.8) and HAB of 2.0 (range, 1.5–4.7; P5 0.026).
Contrast enhancement in MRI was absent for 5 patients, all of

whom showed a low tumoral TSPO PET signal with SUVmax of less
than 2.2; the median uptake in those patients was SUVmax of 1.8
(range, 1.5–2.1). Otherwise, there were no significant differences
between the groups with SUVmax greater or less than the median
value in PET (all P. 0.05; Table 3). SUVmax did not correlate with
contrast-enhanced T1-weighted MRI volume (r 5 0.092, P 5
0.547) or T2-weighted MRI volume (r5 0.025, P5 0.872).

TABLE 3
Comparison of Patients with Low Versus High Tumoral Uptake on TSPO PET

Characteristic SUVmax , 2.2, n 5 23 SUVmax $ 2.2, n 5 22 Significance*

Age (y) 62.6 (51.2–80.4) 63.9 (30.6–84.2) P 5 0.910

Sex P 5 0.270

Male 12 (52.2%) 15 (68.2%)

Female 11 (47.8%) 7 (31.8%)

MGMT promoter methylation status P 5 0.563

Methylated 7 (30.4%) 5 (22.7%)

Unmethylated 16 (69.6%) 17 (77.3%)

TERT promoter mutation status P 5 0.954

Mutant 20 (86.9%) 19 (86.4%)

C250T mutation 9 (39.1%) 6 (27.3%)

C228T mutation 11 (47.8%) 13 (59.1%)

Wild-type 3 (13.0%) 3 (13.6%)

KPS 80% (60–100%) 80% (60–90%) P 5 0.161

Mode of surgery P 5 0.528

Stereotactic biopsy 17 (73.9%) 18 (81.8%)

Microsurgical resection 6 (26.1%) 4 (18.2%)

Mode of radiotherapy P 5 0.185

Conventional 14 (60.9%) 9 (40.9%)

Hypofractionated 9 (39.1%) 13 (59.1%)

Concomitant temozolomide P 5 0.266

Yes 19 (82.6%) 15 (68.2%)

No 4 (17.4%) 7 (31.8%)

Contrast enhancement P 5 0.022

Yes 18 (78.3%) 22 (100.0%)

No 5 (21.7%) 0 (0.0%)

CE-T1w MRI volume (mL) 10.2 (0.0–112.6) 14.5 (0.4–78.6) P 5 0.188

T2w MRI volume (mL) 35.2 (0.0–272.0) 56.2 (0.4–168.5) P 5 0.188

*Bold font highlights the statistically significant associations.
MGMT 5 O6-alkylguanine DNA methyltransferase gene; TERT 5 telomerase reverse transcriptase gene; KPS 5 Karnofsky

performance status scale; CE-T1w 5 contrast-enhanced T1-weighted; T2w 5 T2-weighted.
Qualitative data are number and percentage; continuous data are median and range.

1522 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 10 & October 2023



Association of TSPO PET Findings and Clinical Parameters
with Survival
Tumoral uptake on TSPO PET was associated with OS (Fig. 1).

High SUVmax was related to significantly shorter OS (8.3 vs.
17.8mo, P 5 0.037) (Fig. 1A). Figure 2 illustrates a case with
high tumoral TSPO radioligand uptake associated with short sur-
vival (Fig. 2A) and a case with low tumoral TSPO radioligand
uptake associated with long survival (Fig. 2B).
Besides SUVmax, age (P 5 0.046) (Fig. 1B), O6-alkylguanine

DNA methyltransferase (MGMT) promoter methylation status
(P 5 0.032) (Fig. 1C), and T2-weighted MRI volume (P 5 0.031)
(Fig. 1D) were prognostic for OS. All results of the univariate analy-
ses for OS and PFS are shown in Table 2.
In the multivariate survival analysis, SUVmax in TSPO PET was

significantly associated with OS (P 5 0.023), with high SUVmax

of more than 2.2 leading to a hazard ratio of 2.212 (95% CI,
1.115–4.386) for death. The results of the multivariate analyses
are presented in Table 4.

DISCUSSION

In this study, we corroborate TSPO as a promising imaging tar-
get in glioblastoma because tumoral TSPO radioligand uptake in
PET appears to be associated with prognosis of glioblastoma
patients. In a homogeneous cohort of patients with newly diag-
nosed IDH–wild-type glioblastoma undergoing TSPO PET before
radiotherapy, high tumoral uptake was associated with shorter OS,
independent of known clinical risk factors for short survival.
A potential prognostic relevance of TSPO in glioma was proposed

more than 25y ago (11). Multiple efforts have been made to better
understand the role of TSPO in glioblastoma at a pathophysiologic
level, and now, the potential prognostic relevance of TSPO seems
to integrate more coherently into the overall picture of TSPO as a rele-
vant functional player in glioblastoma (2). Recently, we found a TSPO
PET signal to be associated with survival in patients with recurrent gli-
oma (12). However, data on the potential prognostic relevance of
TSPO PET in newly diagnosed IDH–wild-type glioblastoma were
missing until now.

In the current study, patients with high
SUVmax greater than the median of 2.2 in
TSPO PET survived for a significantly
shorter period than patients with lower
tumoral uptake (OS, 8.3 vs. 17.8mo; P 5
0.037). This association persisted when per-
forming multivariate analysis that included
prognostic clinical factors: compared with
patients with low tumoral uptake on TPSO
PET, patients with SUVmax of more than
2.2 had a significantly higher risk for death,
with a hazard ratio of 2.2 in the multivariate
analysis (P5 0.023).
Contrast enhancement on MRI was absent

for 5 patients, all of whom showed relatively
low tumoral uptake in PET and a tendency
toward longer OS. Although lack of blood–-
brain barrier disruption may have been the
mechanistic cause for the low uptake in
terms of low tracer delivery in those patients,
the altered blood–brain barrier passage
instead might be merely an epiphenomenon
of a diverging biology of the tumor microen-
vironment with inherently diverging TSPO

expression (13,14). Because the relationship between specific TSPO
radioligand uptake and blood–brain barrier disruption has already
been the subject of vivid discussion (15), the latter hypothesis may
provide an outlet for further research on the underlying pathophysiol-
ogy, with the potential to better understand the temporal evolution of
contrast enhancement and TSPO expression in the context of disease
progression. Apart from this association, groups of patients with low
and with high tumoral uptake on TSPO PET did not significantly dif-
fer with regard to known clinical prognosticators. All 6 LAB cases

FIGURE 1. Kaplan–Meier curves of OS for entire patient group using median split of SUVmax (A),
age (B), MGMT promoter methylation status (C), and median split of tumor volume on T2-weighted
MRI (T2 vol.) (D).!5 methylated;§5 unmethylated.

FIGURE 2. (A) 76-y-old male patient with left precentral IDH–wild-type
glioblastoma (MGMT promoter-methylated, telomerase reverse transcrip-
tase promoter C228T mutation; TSPO HAB) before hypofractionated
radiotherapy and temozolomide chemotherapy. Tumoral TSPO radioli-
gand uptake was high (SUVmax, 2.4), and survival was short (OS, 4.5mo).
(B) 71-y-old female patient with left postcentral–parietal IDH–wild-type
glioblastoma (MGMT promoter-methylated, telomerase reverse transcrip-
tase promoter C250T mutation; TSPO MAB) before hypofractionated
radiotherapy and temozolomide chemotherapy. Tumoral TSPO radioli-
gand uptake was low (SUVmax, 1.8), and survival was long (OS, 25.8mo).
CE-T1w5 contrast-enhanced T1-weighted.

TSPO PET IN IDH–WILD-TYPE GLIOBLASTOMA & Albert et al. 1523



were among patients with high tumoral uptake in PET. In a previous
study, it was reported that LAB status is associated with survival in
male glioblastoma patients; in the current study, subgroups were too
small to investigate the sex-specific impact of LAB status on survival
(16). Yet TSPO binding affinity status, as assessed by genotyping,
was not associated with survival in the overall group, either with PFS
or with OS.
Apart from SUVmax on TSPO PET, parameters associated with

survival were age, MGMT promoter methylation status, and T2-
weighted MRI tumor volume. Patients with higher SUVmax did not
exhibit significantly larger tumor volumes on MRI, rendering partial-
volume effects or SUVmax as a confounding surrogate for tumor vol-
ume improbable (e.g., there was no correlation of SUVmax with T2-
weighted MRI volume, r 5 0.025, P 5 0.872). As addressed earlier,
lack of contrast enhancement on MRI showed a tendency toward lon-
ger OS (P 5 0.070). Historically, contrast enhancement on MRI is
an established sign of malignancy in gliomas, which would in princi-
ple fit this finding—although the association between contrast
enhancement and clinical outcome is continuously critically revisited,
embracing resurgence of the topic of the appropriate extent of surgi-
cal resection in glioma with regard to non–contrast-enhancing tumor
parts (17,18). The statistical significance of this association in the
present study might potentially have been missed because of the
inherently small number of non–contrast-enhancing glioblastomas (n
5 5 vs. 40). The mode of radiotherapy also showed a tendency
toward an association with OS, with a better outcome in the group
receiving combined normofractionated radiochemotherapy (16.3 vs.
6.8mo, P 5 0.105). This can be partly related to receipt of concomi-
tant temozolomide by all patients under the normofractionated radio-
therapy regimen but by only 13 of 22 patients in the course of
hypofractionated radiotherapy. Still, in a subgroup analysis of the
patients undergoing hypofractionated radiotherapy, a trend toward
superior survival could be observed depending on the administration
of temozolomide, but no significant survival difference was observed
as would have been expected—for example, P 5 0.064 for OS ver-
sus P, 0.001 in the randomized study of Perry et al. (19). The latter
association reveals the limitation of a low case number for distinct
subgroups. Instead, in line with the literature, the radiotherapy mode
may be associated with clinical outcome because less frail patients
were selected for the normofractionated regimen according to clinical
routine (9,19,20). This is also valid for the patients included in this
study, who were significantly younger (59.1 vs. 73.7 y, P , 0.001)
and functionally less impaired (Karnofsky performance status scale
group difference, P 5 0.003). Within the group of patients with

conventional chemoradiotherapy, longer PFS could be observed in
those receiving adjuvant temozolomide. This may be attributable
partly to undertreatment of patients in whom temozolomide could
not be administered (e.g., because of thrombocytopenia) but also
may relate to a certain selection bias, because patients with early
progression during chemoradiotherapy did not receive adjuvant
temozolomide. In the overall group, the percentage of patients with
unmethylated MGMT promoter (73.3%) was higher than in most
MGMT landmark trials and therefore might have contributed to the
rather short OS of 10.8mo in our study cohort (20–22). Patient age
and MGMT status were significantly associated with both OS and
PFS. In contrast, SUVmax was significantly associated only with OS,
not with PFS. Although we used criteria defined by the Response
Assessment in Neuro-Oncology Working Group for progression, this
may be partly caused by progression constituting a continuum, rather
than a definite point of time (10). The accurate capture of progression
depends on imaging time points and is especially difficult in this case
because most patients received only a biopsy, not a tumor resection.
Conversely, OS is a well-defined, hard endpoint and therefore the
more rigid and preferred parameter for survival analyses (10).
Beyond the limitation of the retrospective study design and a rather

small sample size regarding distinct subgroups, as elucidated earlier,
further points are worth discussing. A benefit of PET imaging for sur-
vival prediction in glioma has already been shown using the amino
acid analog [18F]FET, which is an established PET imaging tracer for
gliomas (23). Therefore, inclusion of [18F]FET PET data into the cur-
rent study would have been interesting. Unfortunately, most patients
received [18F]FET PET later in the disease course, and dual-tracer
PET before radiotherapy was not available in a large number of cases
in this cohort. Intentionally, this study addressed the association of
TSPO PET findings and survival in newly diagnosed glioblastoma
before radiotherapy (not during or after radiotherapy, where radiation
treatment–related alterations of tumoral tracer uptake may occur in
TSPO PET) (24). However, serial TSPO PET imaging during radio-
therapy will be of interest as a potential tool for treatment response
assessment. In particular, dual-tracer approaches using amino acid
and TSPO PET, as well as the monitoring of changes of TSPO radi-
oligand uptake in glioblastoma patients undergoing radiotherapy, har-
bor a chance of allowing a better understanding of the role of TSPO
in the frame of radiotherapy. Recently, we illustrated the potential
value of such an approach in a case of an IDH–wild-type glioma
with remarkably long survival in the context of chemoradiotherapy.
The distinct uptake patterns in dual PET over the disease course in
this case led us to speculate that serial TSPO PET, in conjunction

TABLE 4
Multivariate Survival Analyses

OS PFS

Parameter Hazard ratio Significance* Hazard ratio Significance*

Age 2.573 (1.284–5.156) P 5 0.008 2.604 (1.341–5.057) P 5 0.005

MGMT promoter methylation status 3.174 (1.368–7.363) P 5 0.007 2.695 (1.266–5.737) P 5 0.010

T2w MRI volume 1.896 (0.993–3.619) P 5 0.053 — —

SUVmax 2.212 (1.115–4.386) P 5 0.023 — —

*Bold font highlights the statistically significant associations.
T2w 5 T2-weighted.
Data in parentheses are 95% CI.

1524 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 10 & October 2023



with [18F]FET PET, might capture the treatment-induced immune
response as a potential biomarker (25). In addition, some promising
preclinical studies hint at the potential future clinical value of multi-
tracer approaches for PET imaging of glioma. Pigeon et al. revealed
TSPO to be an earlier marker for glioma infiltration (26). Foray et al.
(27) and Zinnhardt et al. (28) substantiated that each imaging bio-
marker might identify distinct areas of the heterogeneous glioma tis-
sue and tumor microenvironment; for example, TSPO indicated
specific areas of myeloid cell infiltration. Foray et al. used a dual-
tracer TSPO and FET approach to image glioma-associated microglia
and macrophage dynamics under immunomodulating treatment (29).
Further studies are warranted and will enhance the evaluation of
TSPO PET for prognostication in glioma patients.

CONCLUSION

High tumoral uptake in TSPO PET before radiotherapy is associ-
ated with significantly shorter survival within the homogeneous
group of molecularly defined, newly diagnosed IDH–wild-type glio-
blastoma. TSPO PET seems to add prognostic insights beyond estab-
lished clinical parameters and might serve as an informative tool as
clinicians make survival predictions for patients with glioblastoma.
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KEY POINTS

QUESTION: Is a TSPO PET signal associated with survival in
glioblastoma patients?

PERTINENT FINDINGS: In a homogeneous cohort of patients
with newly diagnosed IDH–wild-type glioblastoma before
radiotherapy, a TSPO PET signal was associated with survival.
High uptake intensity (SUVmax . 2.2) was related to significantly
shorter OS. In the multivariate survival analysis, SUVmax in TSPO
PET remained an independent prognostic factor for OS.

IMPLICATIONS FOR PATIENT CARE: TSPO PET seems to add
prognostic insights beyond established clinical parameters and
might serve as an informative tool as clinicians make survival
predictions for patients with glioblastoma.
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Inventory Study

Sanne A.M. van Lith*1, Ilanah J. Pruis*2, Nelleke Tolboom3, Tom J. Snijders4, Dylan Henssen1, Mark ter Laan5,
Maarten te Dorsthorst5, William P.J. Leenders6,7, Martin Gotthardt1, James Nagarajah1, Pierre A. Robe4,
Philip De Witt Hamer8, Harry Hendrikse9, Daniela E. Oprea-Lager9, Maqsood Yaqub9, Ronald Boellaard9,
Pieter Wesseling10,11, Rutger K. Balvers12, Frederik A. Verburg2, Anita A. Harteveld2, Marion Smits2,13,
Martin van den Bent14, Sophie E.M. Veldhuijzen van Zanten*2, and Elsmarieke van de Giessen*9

1Medical Imaging, Radboud University Medical Center, Nijmegen, The Netherlands; 2Radiology and Nuclear Medicine, Erasmus MC,
Rotterdam, The Netherlands; 3Radiology and Nuclear Medicine, University Medical Center Utrecht, Utrecht, The Netherlands;
4Neurology and Neurosurgery, UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht, The Netherlands;
5Neurosurgery, Radboud University Medical Center, Nijmegen, The Netherlands; 6Biochemistry, Radboud University Medical Center,
Nijmegen, The Netherlands; 7Predica Diagnostics, Nijmegen, The Netherlands; 8Neurosurgery, Amsterdam UMC, VUmc, Amsterdam,
The Netherlands; 9Radiology and Nuclear Medicine, Amsterdam UMC, VUmc, Amsterdam, The Netherlands; 10Pathology, Amsterdam
UMC, VUmc, Amsterdam, The Netherlands; 11Pathology, Princess M!axima Center for Pediatric Oncology, Utrecht, The Netherlands;
12Neurosurgery, Erasmus MC, Rotterdam, The Netherlands; 13Medical Delta, Delft, The Netherlands; and 14Brain Tumor Center at
Erasmus MC Cancer Institute, Erasmus MC, Rotterdam, The Netherlands

Upregulation of prostate-specific membrane antigen (PSMA) in neo-
vasculature has been described in glioblastoma multiforme (GBM),
whereas vasculature in nonaffected brain shows hardly any expression
of PSMA. It is unclear whether PSMA-targeting tracer uptake on PET is
based on PSMA-specific binding to neovasculature or aspecific uptake
in tumor. Here, we quantified uptake of various PSMA-targeting tracers
in GBM and correlated this with PSMA expression in tumor biopsy
samples from the same patients. Methods: Fourteen patients diag-
nosed with de novo (n5 8) or recurrent (n5 6) GBM underwent a pre-
operative PET scan after injection of 1.5 MBq/kg [68Ga]Ga-PSMA-11
(n 5 7), 200 MBq of [18F]DCFpyl (n 5 3), or 200 MBq of [18F]PSMA-
1007 (n 5 4). Uptake in tumor and tumor-to-background ratios, with
contralateral nonaffected brain as background, were determined. In a
subset of patients, PSMA expression levels from different regions in the
tumor tissue samples (n 5 40), determined using immunohistochemis-
try (n 5 35) or RNA sequencing (n 5 13), were correlated with tracer
uptake on PET. Results: Moderate to high (SUVmax, 1.3–20.0) hetero-
geneous uptake was found in all tumors irrespective of the tracer type
used. Uptake in nonaffected brain was low, resulting in high tumor-to-
background ratios (6.1–359.0) calculated by dividing SUVmax of tumor
by SUVmax of background. Immunohistochemistry showed variable
PSMA expression on endothelial cells of tumor microvasculature, as
well as on dispersed individual cells (of unknown origin), and granular
staining of the neuropil. No correlation was found between in vivo
uptake and PSMA expression levels (for immunohistochemistry, r 5
20.173, P5 0.320; for RNA, r520.033, P5 0.915).Conclusion:Our
results indicate the potential use of various PSMA-targeting tracers in
GBM. However, we found no correlation between PSMA expression
levels on immunohistochemistry and uptake intensity on PET.
Whether this may be explained by methodologic reasons, such as

the inability to measure functionally active PSMA with immunohisto-
chemistry, tracer pharmacokinetics, or the contribution of a disturbed
blood–brain barrier to tracer retention, should still be investigated.

KeyWords: glioblastoma; prostate-specificmembrane antigen (PSMA);
PET; immunohistochemistry; RNA sequencing
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Glioma is the most frequent type of primary brain tumor, of
which glioblastoma multiforme (GBM) is the most malignant sub-
type. Newly diagnosed GBM patients face a dismal prognosis, with
a median overall survival time of 15–18mo. Treatment options are
limited, especially at progression. Therefore, research into targeted
therapies is highly desired.
A target that has gained increased attention is prostate-specific

membrane antigen (PSMA), a type 2 transmembrane glycoprotein
receptor that was found to be expressed on neovasculature of vari-
ous solid tumors (1). Immunohistochemistry studies have shown
that in GBM, PSMA is expressed on neovasculature in 31%–100%
of cases (2–12) and absent from vasculature in nonaffected brain
areas. High expression of PSMA on neovasculature in GBM corre-
lates with increased angiogenesis (9) and poor prognosis (3,5,8,9).
Besides expression on neovasculature, expression of PSMA has
been observed on tumor cells, although to a lesser extent (8,13), and
tumor cell expression levels did not correlate with survival (5).
Various PSMA-targeting radiotracers are used in clinical prac-

tice for detection, staging, recurrence evaluation, and radionuclide
therapy in prostate cancer (14). Some of these tracers have been
applied recently to molecular imaging of GBM. These studies showed
enhanced uptake of all investigated PSMA-targeting tracers in both
de novo and recurrent GBM (7,15–21). However, it is unknown
whether the current tracers bind specifically to PSMA-expressing
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microvasculature or tumor cells or the uptake visible on PET
images simply reflects a disturbed blood–brain barrier, resulting in
aspecific retention of the tracer. For the potential of PSMA-targeting
radionuclide therapy, exact localization of the tracer in the tumor
area is considered important, because lack of internalization in tumor
cells could lead to rapid washout and short retention times (22). Fur-
thermore, particularly for a-emitting radionuclides with high linear
energy but short range, internalization into tumor cells—or at least
sufficient retention time at the tumor site—would likely be needed
to enable effective induction of cellular damage.
In this multicenter inventory study, we aimed to evaluate tumor

uptake of several PSMA-targeting tracers ([18F]PSMA-1007,
[18F]DCFPyl, and [68Ga]Ga-PSMA-11) in patients with histopatho-
logically confirmed de novo or recurrent GBM. In a subset of
patients, we correlated tracer uptake visible on PET images with
PSMA expression in image-guided multisector tumor biopsy sam-
ples obtained during resection of the tumor.

MATERIALS AND METHODS

Patients
Nine patients with high suspicion of a de novo or recurrent GBM

based on MRI were included in separate prospective studies that were per-
formed at Erasmus Medical Center Rotterdam (Erasmus MC, 5 patients;
NCT05798273) and Radboud University Medical Center Nijmegen (Rad-
boudumc, 4 patients; NCT04588454). Ethical approval was obtained
separately by each of the local institutional review boards. At Amster-
dam University Medical Center (Amsterdam UMC, 3 patients) and
University Medical Center Utrecht (UMCU, 2 patients), patients with
high suspicion of a recurrent GBM were scanned under compassionate
use as part of regular clinical care. All patients gave written informed
consent for use of their data. Available data were combined for the pur-
pose of this article in a retrospective setting. More details on materials
and methods are presented in the supplemental materials (supplemental
materials are available at http://jnm.snmjournals.org).

Image Acquisition
All patients underwent PET scanning on injection of 1 of the 3 PSMA-

targeting tracers ([68Ga]Ga-PSMA-11, [18F]DCFPyl, or [18F]PSMA-1007)
within a range of 1–17 d before surgery or 1–3mo before surgery for
2 patients who were scanned at UMCU. The image acquisition details
are described in Supplemental Table 1.

Image Analysis
SUVs were calculated to enable semiquantitative analysis of tracer

uptake in tumor using in-house software. Volumes of interest were
automatically drawn around the brain regions that showed high focal
uptake. Tumor-to-background ratios were calculated by dividing SUVmax

of tumor by SUVmax of background, as in Kunikowska et al. (23), and
SUVmean of tumor by SUVmean of background. In addition, the overlaps
between gadolinium-based contrast agents enhancing areas of tumor on
MRI and tracer uptake on PET were visually assessed by nuclear phy-
sicians. SUVmax was also assessed for parotid tissue and liver.

Results of the dynamic (Amsterdam UMC, n 5 3) and sequential
(Erasmus MC, n 5 5) PET scans were used to determine time–activity
curves.

Navigation of Biopsy Samples
In 12 of 14 patients, multiple tissue biopsy samples were collected

using per-operative neuronavigation (24) from tumor areas with low
and high tracer uptake on PET to correlate with PSMA expression on
immunohistochemistry or as determined with targeted RNA sequencing.
Neuronavigation screenshots were used to visually match the corre-
sponding PET frame and volume of interest to the exact biopsy location.

In UMCU, only material from the resected tumor was analyzed
according to standard clinical care, and no intraoperative biopsy sam-
ples were taken.

PSMA Immunohistochemistry
Tissues samples were either snap-frozen (n 5 8 biopsy samples in

2 patients at Radboudumc) or formalin-fixed and paraffin-embedded
(n 5 12 biopsy samples in 5 patients at Erasmus MC and n 5 15
biopsy samples in 3 patients at Amsterdam UMC). Tissue sections
were immunostained with mouse anti-PSMA (M3620; Dako). The
complete biopsy samples were evaluated by an experienced neuropa-
thologist using a visual 5-point scale, which combined both intensity
and extent of the staining (0 5 none, 1 5 limited, 2 5 moderate,
3 5 high, and 4 5 very high) for 3 tissue components that were found
to have the highest PSMA expression in all samples: tumor microvas-
culature (especially in luminal or endothelial cells, rather than ablum-
inal cells or pericytes), individual cells (of unknown nature) in the
periphery of the tumor, and neuropil (which showed granular-like stain-
ing). The identified individual cells were well organized and located in
the transition zone of tumor tissue and preexistent brain tissue. They
were therefore not deemed tumor cells, because these showed a disor-
ganized arrangement and no or hardly any PSMA expression. Because
of these low PSMA expression levels, tumor cells were not scored. For
each biopsy sample, a total immunohistochemistry score was calculated
from the sum of the 3 component scores.

Targeted RNA Sequencing
Tissue biopsy samples (n 5 13 in 4 patients at Radboudumc) were

snap-frozen. Targeted RNA sequencing (25) was performed to detect
PSMA, angiogenesis-related vascular endothelial growth factor recep-
tors 1 and 2, angiopoietin 1, and angiopoietin 2.

Statistical Analyses
Statistical analysis was performed with SPSS version 24.0.0.1

(IBM Corp.) or with GraphPad Prism version 5.0 (GraphPad Software
Inc.). PSMA and angiopoietin 1, angiopoietin 2, and vascular endothe-
lial growth factor expression levels in the biopsy samples obtained
from immunohistochemistry or RNA expression were correlated with
SUVmax obtained from 1-cm spheric volumes of interest on PET.
Pearson r-correlation and Spearman r-correlation were used for nor-
mally and nonnormally distributed variables, respectively. A P value
of less than 0.05 was considered a statistically significant difference.

RESULTS

Uptake of PSMA-Targeting Tracers in GBM
We included 14 patients with histopathologically confirmed

de novo GBM (n 5 8) or recurrent GBM (n 5 6) (median age,
64 y; interquartile ratio, 54–74y; n 5 10 male, 71%; Supplemental
Table 2). Tumor uptake values are summarized in Table 1 (all seg-
mentation data are shown in Supplemental Table 3). Figure 1 shows
a representative image from each of the centers. Heterogeneous,
moderate to high uptake of all PSMA tracers was found in all
tumors. SUVmax and tumor-to-background ratio (SUVmax of tumor
divided by SUVmax of background) values ranged from 1.3 to 20.0
and 7.5 to 359.0 for [68Ga]Ga-PSMA-11, from 4.5 to 13.1 and 13.6
to 36.5 for [18F]DCFPyl, and from 3.4 to 14.6 and 6.1 to 39.6 for
[18F]PSMA-1007, respectively. Uptake in contralateral nonaffected
brain was low (SUVmax, ,0.1–1.6). Overall, the uptake distribu-
tion, as seen on PET, showed good visual overlap with the area of
gadolinium-based contrast agent enhancement on T1-weighted MRI.
However, an inhomogeneous pattern of PET uptake was seen in the
areas enhanced by gadolinium-based contrast agents, which did not
exactly follow the contrast agent pattern in all cases (Fig. 1).
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Because normal tissue biodistribution patterns are similar for
[18F]DCFPyl and [68Ga]Ga-PSMA-11 (26), time–activity curves for
tracer uptake in the tumors of patients 1–8, covering 0–240min after
injection, are combined in Figure 2A. These time–activity curves dem-
onstrate that there is still an increase in [18F]DCFPyl binding 120min
after injection and gradual flattening of the curve but still slightly in-
creasing [68Ga]Ga-PSMA-11 binding approaching 240min after injec-
tion. A representative perfusion image of the tumor in the first 2min
after injection for [18F]DCFPyl (Fig. 2B) demonstrates that tumor up-
take of [18F]DCFPyl at late time points does not follow the perfusion
pattern; that is, tumor uptake primarily depends on factors other than
perfusion. Time–activity curves normalized for SUVmean of parotid
tissue and SUVmax of liver are shown in Supplemental Figure 1.

Uptake of PSMA-Targeting Tracers in Nontarget Organs
Uptake in the parotid glands increased gradually on each of the

successive scans within patients and showed high variability between

patients, irrespective of the type of tracer (Supplemental Table 2; for
the SUVmax range, [68Ga]Ga-PSMA-11, 10.4–34.7; [18F]DCFPyl,
9.1–45.6; [18F]PSMA-1007, 22.9–43.8). Uptake in the liver was
found with SUVmax ranging from 7.7 to 12.9 for [68Ga]Ga-PSMA-11
and 6.6 to 6.7 for [18F]DCFPyl (Supplemental Table 2).

Correlation of Tracer Uptake with PSMA Expression
Figures 3A–3D show representative images of PSMA immuno-

histochemistry of tumor biopsy samples demonstrating PSMA
expression on the 3 tissue components. PSMA expression on
microvasculature was mainly found within the boundaries of
tumor tissue, whereas PSMA-expressing individual cells were gen-
erally located in the transition zone of tumor tissue and preexistent
brain tissue. A negative correlation was found between tracer uptake
visible on the PET images and immunohistochemistry scores for the
individual cells (r 5 20.372, P 5 0.028), and no significant corre-
lation was found between PET uptake and immunohistochemistry

TABLE 1
Tumor Uptake of Various PSMA-Targeting Tracers

No. Radioligand Time after injection (min) SUVmax SUVmean TBRmax/max

1 [68Ga]Ga-PSMA-11 90 (WB) 15.3 4.4 32.6

165 20.0 4.5 66.7

240 17.0 4.0 38.6

2 [68Ga]Ga-PSMA-11 90 (WB) 3.6 1.7 359.0

165 5.9 2.9 295.0

240 5.8 2.8 35.9

3 [68Ga]Ga-PSMA-11 90 (WB) 7.4 2.5 185.3

165 9.8 2.6 98.4

240 10.0 2.8 26.3

4 [68Ga]Ga-PSMA-11 90 (WB) 6.5 3.1 10.3

165 9.0 3.5 17.3

240 9.0 3.6 7.5

5 [68Ga]Ga-PSMA-11 90 (WB) 7.3 1.9 66.6

165 7.7 2.3 29.5

240 9.0 2.6 64.6

6 [18F]DCFPyl 80 4.5 2.1 21.9

NA (WB) NA NA NA

140 6.8 2.9 25.7

7 [18F]DCFPyl 80 5.3 2.1 23.5

95 (WB) 4.5 2.3 13.6

140 7.4 2.7 24.4

8 [18F]DCFPyl 80 10.3 4.6 34.8

95 (WB) 12.6 5.3 29.9

140 13.1 6.0 36.5

9 [68Ga]Ga-PSMA-11 60 2.2 1.0 72.3

10 [68Ga]Ga-PSMA-11 60 1.3 0.6 10.3

11 [18F]PSMA-1007 120 3.4 1.6 6.1

12 [18F]PSMA-1007 120 8.1 3.4 10.1

13 [18F]PSMA-1007 120 14.6 6.8 39.6

14 [18F]PSMA-1007 120 12.4 4.7 7.8

TBRmax/max 5 SUVmax tumor divided by SUVmax background; WB 5 whole body; NA 5 not available.
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scores for vasculature (r5 0.211, P5 0.225), neuropil (r5 20.077,
P 5 0.660; Supplemental Fig. 2A), or total immunohistochemistry
scores (r 5 20.173, P 5 0.320; Fig. 3E). No correlations were
found when separated for tracer type (Supplemental Table 4).
No correlation was found between tracer uptake of [18F]PSMA-

1007 on PET and PSMA RNA expression (r 5 20.033, P 5 0.915;
Fig. 3F). PSMA immunohistochemistry and PSMA RNA expression
analyses did correlate, confirming the validity of both techniques
(r 5 0.773, P 5 0.029; Supplemental Fig. 2B). No correlations
were found between tracer uptake on PET and RNA expression
ratio of angiopoietin 2 to angiopoietin 1 (r 5 20.202, P 5 0.509)
or vascular endothelial growth factor RNA expression (r 5 20.425,
P5 0.148; Supplemental Fig. 2C).

DISCUSSION

Here, we found moderate to high uptake on PSMA PET with
heterogeneous distribution in tumor irrespective of tracer type in
both de novo and recurrent GBM. No correlation was found between
uptake on PSMA PET and PSMA expression, as determined with
immunohistochemistry or RNA sequencing.
The reported SUVmax and values for SUVmax of tumor divided

by SUVmax of background are comparable to those reported in
previous literature (20,27–29) and show that variation between
tumors is larger than variation between tracers. PSMA immunohis-
tochemistry showed strong staining of microvasculature in the
tumor tissue but not in nonaffected brain vasculature or cells, which
is in accordance with multiple studies (6,7,30,31). The strong granu-
lar PSMA staining in neuropil, which is built up from glial cells and
neurites or neuronal processes, remains to be unraveled. In addition,
the nature of PSMA-positive individual cells, especially in the transi-
tion zone of tumor tissue and preexistent brain tissue, awaits further
elucidation. On the basis of their morphologic and immunohisto-
chemical characteristics, these cells do not qualify as neoplastic cells
or macrophages. These cells possibly are peritumoral single cells
related to astrocytosis because of glial fibrillary acidic protein positiv-
ity, as found by others (6,8,32).
Few earlier studies have shown that PSMA expression corre-

lates with tracer uptake in high-grade glioma (21) and other tumor
types (33). One found a nonsignificant trend (P . 0.1) in prostate

cancer (34). We and others (35) did not
find a correlation between PSMA expres-
sion and tracer uptake. Studies correlating
expression levels of other targets, such as
L-type amino acid transporters (36,37) and
somatostatin receptor (38,39) with tracer
uptake of O-(2-[18F]fluoroethyl)-L-tyrosine
and [68Ga]Ga-DOTA peptides, respectively,
in various types of glioma also found no
correlation. This is not surprising given the
complex and largely still unknown interplay
of in vivo tracer kinetics, (heterogeneous)
blood–brain barrier disruption, efflux rates,
target localization, tracer–target complex ki-
netics, and downstream function or actions
of the target. In addition, methodologic
issues, such as the use of different tracers,
protocols, or scanners and sample size, may
have contributed to not finding a correlation
in this study. Future studies to advance
knowledge with regard to tracer-specific
uptake versus retention could encompass

FIGURE 1. Selected examples of PET (A, D, G, and J), MRI (B, E, H, and
K), hybrid PET/MRI (C), and fused PET/MRI (F, I, and L) of patients injected
with [68Ga]Ga-PSMA-11 (patient 1 from Erasmus MC [A–C], SUVmax, 20.0,
and patient 10 from UMCU [G–I], SUVmax, 1.3), [

18F]DCFpyl (patient 8 from
Amsterdam UMC [D–F], SUVmax, 13.1), and [18F]PSMA-1007 (patient 14
from Radboudumc [J–L], SUVmax, 12.4). Note heterogeneity of tracer
uptake within tumors.

FIGURE 2. (A) Time–activity curves showing tumor uptake of [18F]DCFpyl (orange) and [68Ga]Ga-
PSMA (blue) in MBq/mL from 0 to 240min after injection for patients 1–8 (each marker icon repre-
sents one patient). Representative images of early (B, blue contour) and late (C, red contour)
perfusion in first 2min after injection of [18F]DCFpyl in patient 6.
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spatial transcriptomics or proteomics to study tracer heterogeneity
within tumor or the tumor microenvironment at a cellular level. PET
studies using radionuclides with long half-lives, such as 89Zr, would
enable in vivo quantitative uptake kinetics up to late time points. Ani-
mal models of GBM could be used to dynamically assess PSMA
tracer uptake (by in vitro immunofluorescence) and combine this
with ex vivo autoradiography, such as performed by Lindemann et al.
(30). Competition experiments, such as with the PSMA inhibitor 2-
phosphonomethyl pentanedioic acid, can be used to assess specific
PSMA receptor binding on tumor neovasculature or cells (32).
In the clinical setting, for most studies on PSMA imaging in

patients with GBM, PET scans have been acquired 60min after
injection of [68Ga]Ga-PSMA-11 (18,20,27,28). Our composed
time–activity curve implies that tumor-to-background ratios likely
increase up to 240min after injection for [68Ga]Ga-PSMA-11.
However, semiquantitative measures cannot be compared between
scans acquired at different time points after injection of different
tracers, because equilibrium kinetics vary and have not yet been
reached within 240min after injection.
In nonaffected brain tissue, we observed very low uptake of

tracer, leading to high tumor-to-background ratios. In parotid tissue,
expected high uptake of all PSMA tracers was observed, indicating

this is the organ at risk for radionuclide
therapy. Uptake in liver was comparable
between patients, as previously reported
(26), indicating that the liver is the most
favorable organ to use as reference tissue
for normalization of tracer uptake in tumor,
although this does require whole-body scan-
ning and thus more time.
This study has some limitations. The data

originated from different centers that used
different tracers, varying PET acquisition
protocols, and reconstruction methods. We
limited the influence of decay by choosing
time points within the closest range from
each of the centers for the SUV measure-
ments at the biopsy locations (i.e., 120, 145,
and 160min after injection), and we chose
those time points for which the time–activ-
ity curves showed a near-plateau phase of
tracer uptake. Second, it is well known that
the PET reconstruction method can influ-
ence the outcome of SUV measurements
(40,41), and these differed across centers.
Therefore, we also performed correlational
analyses per tracer or center. The image
analyses and immunohistochemistry scor-
ing were uniformly performed to prevent
additional variabilities because of data
processing differences among the centers.
Moreover, we think that the heterogeneity
of the data represents the real-life clinical
setting and gives important information on
the comparability of the PSMA-targeting
tracers for GBM imaging.

CONCLUSION

The observation in this study that various
PSMA-targeting tracers show moderate to
high uptake in GBM is hopeful and war-

rants further research into the exact mechanisms of PSMA accumu-
lation or retention. Studies are needed to determine the actual
potential of PSMA-targeted radionuclide therapy as an option for
patients with GBM.
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dense region. (C) Positive, dispersed individual cells and granular staining in neuropil. (D) Positive
individual cells and strong granular staining in neuropil. To exemplify method used for scoring IHC
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IHC score and tracer uptake. (F) Correlation between normalized RNA expression of FOLH1 (PSMA-
encoding gene) and tracer uptake. Tracer uptake is expressed in SUVmax and measured on PET in
1-cm spheric volumes of interest in region on scan where biopsies were performed. IHC 5 immuno-
histochemistry; FOLH15 folate hydrolase 1; FPM5 fragments per million.
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KEY POINTS

QUESTION: What is the correlation between tumor uptake of
PSMA-targeting tracers and PSMA expression in image-guided
tumor biopsies in patients with de novo or recurrent GBM?

PERTINENT FINDINGS: In a multicenter inventory study in
14 GBM patients using [68Ga]Ga-PSMA-11 (n 5 7), [18F]DCFPyl
(n 5 3), or [18F]PSMA-1007 (n 5 4) PET imaging, heterogeneous
and significant uptake in tumor was found. PSMA expression was
found on endothelial cells of tumor microvasculature, dispersed
individual cells (of unknown origin), and granular staining of the
neuropil, but no significant correlation was found between in vivo
tracer uptake and PSMA expression levels.

IMPLICATIONS FOR PATIENT CARE: Various PSMA-targeting
tracers show uptake in GBM, and further research into the exact
mechanisms of PSMA accumulation or retention is warranted.
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Comparison of Baseline 68Ga-FAPI and 18F-FDG PET/CT for
Prediction of Response and Clinical Outcome in Patients with
Unresectable Hepatocellular Carcinoma Treated with PD-1
Inhibitor and Lenvatinib
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Fibroblast activation protein contributes to immunosuppression and
resistance to immunotherapies. This study aimed to compare baseline
68Ga-labeled fibroblast activation protein inhibitor (68Ga-FAPI)
PET/CT and 18F-FDG PET/CT in response and survival prediction in
unresectable hepatocellular carcinoma (uHCC) patients treated with
the combination of programmed cell death 1 (PD-1) inhibitor and len-
vatinib. Methods: In this prospective cohort study, 22 patients with
uHCC who underwent baseline 18F-FDG and 68Ga-FAPI PET/CT and
soon began taking a combination of PD-1 inhibitor and lenvatinib
were recruited. Semiquantitative indices of baseline PET/CT were
measured as 18F-FDG SUVmax, metabolic tumor volume, total lesion
glycolysis, 68Ga-FAPI SUVmax,

68Ga-FAPI–avid tumor volume (FTV),
and total lesion fibroblast activation protein expression (TLF). The pri-
mary endpoint was durable or nondurable clinical benefit after treat-
ment, and the secondary endpoints were progression-free survival
(PFS) and overall survival (OS). Results: The overall response rate of
the combination therapy was 41% (9/22). Fifty percent of patients
had durable clinical benefit. Median PFS and OS were 4.8 and
14.4mo, respectively. Patients with nondurable clinical benefit
showed a significantly higher FTV and TLF than those with durable
clinical benefit, whereas 18F-FDG parameters overlapped. A higher
68Ga-FAPI–avid tumor burden (FTV . 230.46 cm3 or TLF . 961.74
SUVbody weight"cm3) predicted both shorter PFS (4.0 vs. 13.5mo, P 5

0.016) and shorter OS (7.8mo vs. not reached, P 5 0.030). Patients
with a higher metabolic tumor burden (metabolic tumor volume .

206.80 cm3 or total lesion glycolysis . 693.53 SUVbody weight"cm3)
showed a shorter OS although the difference did not reach statistical
significance (P5 0.085). In multivariate analysis, a higher 68Ga-FAPI–a-
vid tumor burden (hazard ratio [HR], 3.88 [95% CI, 1.26–12.01]; P 5

0.020) and macrovascular invasion (HR, 4.00 [95% CI, 1.06–15.14]; P
5 0.039) independently predicted a shorter PFS, whereas a higher
68Ga-FAPI–avid tumor burden (HR, 5.92 [95% CI, 1.19–29.42]; P 5

0.035) and bone metastases (HR, 5.88 [95% CI, 1.33–25.93]; P 5

0.022) independently predicted a shorter OS. Conclusion: Volumetric
indices on baseline 68Ga-FAPI PET/CT were potentially independent

prognostic factors to predict durable clinical benefit, PFS, and OS in
uHCC patients treated with a combination of PD-1 and lenvatinib.
Baseline 68Ga-FAPI PET/CT may facilitate uHCC patient selection
before combination therapy.

Key Words: unresectable hepatocellular carcinoma; PD-1 inhibitor;
prognosis; 68Ga-FAPI; PET/CT
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Pharmaceutical advances have changed the therapeutic land-
scape of unresectable hepatocellular carcinoma (uHCC) (1). In
particular, the combination of immune checkpoint blockade (ICB)
and multikinase inhibitors has gained remarkable successes in
clinical settings (2).
However, only a subportion of patients with uHCC could benefit

from ICB therapies (3,4). Reliable predictors for response and
patient selection before such combination therapy remained a chal-
lenge because of the complexity of the cancer cell metabolism and
tumor microenvironment components. Characterization of hepato-
cellular carcinoma (HCC) by 18F-FDG PET was linked with glyco-
lytic enzymatic activity and differentiation grade, with suboptimal
sensitivity in intrahepatic HCC lesions (5). 18F-FDG uptake in
HCC and metastasis is significantly associated with recurrence and
outcome after curative surgical resection or targeted therapies
(6–8). Nevertheless, it is not a reliable marker to predict disease
response to systemic therapy.
Tumor microenvironment plays an important role in tumor pro-

gression and influences therapeutic response to ICB. Cancer-
associated fibroblasts represent the most prominent component of
the tumor microenvironment and are composed of different subpo-
pulations exerting distinct functions (9). Fibroblast activation protein
(FAP)–positive cancer-associated fibroblasts contribute to immuno-
suppression in the tumor microenvironment by recruiting inhibitory
immune populations such as regulatory T cells and subsets of mye-
loid cells and are found indicative of primary resistance to immu-
notherapies (9). In clinical practice, the utility of biomarkers based
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on tumor tissue is hindered by spatial heterogeneity. PET allows for
noninvasive, quantitative, and sensitive whole-body detection of
molecular targets. 68Ga-labeled FAP inhibitor (68Ga-FAPI) provided
localization and quantification for FAP-positive HCC tumors in our
previous studies (10). Particularly, 68Ga-FAPI was superior to 18F-
FDG for the detection of primary HCC, allowing improved delinea-
tion of whole-body tumor burden (11).
In this prospective study, we aimed to evaluate and compare

in vivo tumor metabolism and cancer-associated fibroblast activa-
tion using 68Ga-FAPI and 18F-FDG PET/CT for prediction of ther-
apeutic response and survival in uHCC patients treated with a
combination of programmed cell death 1 (PD-1) inhibitor and
multikinase inhibitor lenvatinib.

MATERIALS AND METHODS

Study Design and Patient Recruitment
This was a prespecified subgroup analysis of a prospective cohort

study evaluating the role of 68Ga-FAPI PET/CT in liver and biliary
cancer patients and was approved by the Institutional Review Board
of Peking Union Medical College Hospital (protocol ZS-1050) and
registered at ClinicalTrials.gov (NCT 05662488).

In total, 29 patients with suspected uHCC scheduled to begin
receiving PD-1 inhibitor at Peking Union Medical College Hospital
were consecutively recruited from July 2020 to April 2022. The diag-
nosis of uHCC was confirmed by 2 or more experienced hepatobiliary
surgeons using the National Comprehensive Cancer Network guide-
lines. The flowchart of patient enrollment is shown in Figure 1. Clini-
cal, laboratory, and imaging evaluations (contrast-enhanced CT or
MRI of the abdomen) were done at enrollment. Previous treatment
was recorded. The inclusion criteria were HCC pathologically con-
firmed or indicated by imaging criteria (12,13); lack of suitability for
curative surgery or regional therapy alone, or disease progression after
previous therapy; preserved liver function (Child–Pugh class A or B);
an Eastern Cooperative Oncology Group performance status score of
0–2; no prior immunotherapy; and no regional therapy within 2 wk.

After enrollment, written informed consent was obtained from each
patient. Patients were referred for 18F-FDG and 68Ga-FAPI PET/CT
performed no more than 3 d apart. Combination therapy with PD-1
inhibitor (camrelizumab, toripalimab, tislelizumab, or pembrolizumab)
and lenvatinib was initiated within 2 wk later. We excluded 7 patients
with baseline PET/CT who were later diagnosed with intrahepatic
cholangiocarcinoma or combined hepatocellular-cholangiocarcinoma,
showed resectability on PET/CT and underwent surgery, did not receive
PD-1 inhibitor, or began taking PD-1 inhibitor more than 2 wk after
PET/CT. The remaining 22 patients were included in the current study.

PET/CT
The 68Ga-FAPI-04 was radiolabeled manually before injection

according to previously published procedures (14). Briefly, 68Ga was
chelated after pH adjustment with sodium acetate. The reaction mix-
ture was heated to 100!C for 10 min, and the completeness of the
reaction was checked by thin-layer chromatography. 18F-FDG was
synthesized in house. All PET/CT scans were performed with a dedi-
cated PET/CT scanner (Polestar m660; SinoUnion) from the tip of the
skull to the middle of the thigh (2 min/bed position). Unenhanced
low-dose CT scans were obtained for attenuation correction and ana-
tomic positioning. For 18F-FDG PET/CT, the patients fasted for at
least 6 h, and blood glucose levels were monitored (,11.0 mmol/L)
before injection of 18F-FDG (5.55 MBq/kg). The PET/CT images
were acquired with an uptake time of 57–105 min. 68Ga-FAPI
PET/CT was performed with an uptake time of 42–90 min after injec-
tion (2.22–2.96 MBq/kg). The acquired data were reconstructed using
ordered-subset expectation maximization (2 iterations, 10 subsets,
gaussian filter, image size of 192 3 192).

Image Analysis
Two nuclear medicine physicians (both with 4 y of experience in

PET/CT reading) reviewed the PET/CT images and recorded focal
accumulations not explained by physiologic uptake or inflammation.
The physicians were in consensus for image interpretation. Semiquan-
titative analysis of the PET/CT data was performed on a MIM Work-
station (version 6.6.11; MIM Software). The whole-body metabolic

tumor burden was measured as metabolic tumor
volume (MTV) and total lesion glycolysis
(TLG). The whole-body 68Ga-FAPI–avid tumor
burdenwasmeasured in the sameway as the 18F-
FDG parameters—as 68Ga-FAPI–avid tumor
volume (FTV) and total lesion FAP expression
(TLF). A cuboid volume of interest was drawn
including all focal lesions in each scan. The tumor
contours were semiautomatically segmented with
an SUV cutoff of 2.5. The contours were checked
and adjusted manually to exclude physiologic or
inflammatory uptake. If tracer uptake in the liver
with a normal appearance on contrast-enhanced
CT or MRI was diffusely elevated and above an
SUV of 2.5, a manual contour was applied to
enclose hepatic HCC lesions with uptake higher
than background. 18F-FDG SUVmax, MTV,
TLG, 68Ga-FAPI SUVmax, FTV, and TLF were
automatically generated from the final volumetric
extraction.

Follow-up and Clinical Endpoint
All 22 patients were followed up regularly

every 2–3 cycles of PD-1 inhibitors (median,
2.1 mo; range, 1.4–3.1 mo) with clinical, lab-
oratory, and imaging examinations (contrast-
enhanced CT or MRI). The treatmentFIGURE 1. Flowchart of patients’ enrollment, treatment, and follow-up.BOR5 Best objective response.
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response (complete response, partial response, stable disease, or pro-
gressive disease) and objective response were evaluated with modified
RECIST (15). Durable clinical benefit (DCB) was defined as either the
patient’s being alive, without next-line systemic treatment and without
progressive disease at 6 mo since the first infusion of PD-1 inhibitor,
or the patient’s experiencing prominent disease downstaging followed
by conversion surgery within 6 mo. Nondurable benefit (NDB) was
defined as progressive disease or death within 6 mo. Progression-free
survival (PFS) and overall survival (OS) were measured from the first
PD-1 inhibitor infusion. Treatment regimen, response to therapy, dis-
ease progression, and death were recorded. Patients without an event
were censored at the time of the last clinical assessment, on December
29, 2022.

Statistical Analysis
The Wilcoxon signed-rank test was applied to test the difference

between 18F-FDG and 68Ga-FAPI SUVmax, between MTV and FTV,
and between TLG and TLF for each patient, whereas the Spearman
correlation coefficient was applied to test correlation for each pair.
Patients were divided into DCB and NDB groups. The characteristics
of the 2 groups were compared using the Fisher exact test for discrete
variables and the Student t test or Mann–Whiney U test for continuous
variables. Receiver-operating-characteristic curves were analyzed to
estimate the best cutoffs for 18F-FDG SUVmax, MTV, TLG, 68Ga-
FAPI SUVmax, FTV, and TLF between the 2 groups with the maxi-
mum Youden index. The Kaplan–Meier method was used to estimate
survival curves, which were compared by the log-rank test. Univari-
able and multivariable analyses using Cox proportional-hazards re-
gression models were performed for PFS and OS. All statistical
analyses were done with SPSS (version 25.0; IBM). P values of less
than 0.05 denoted statistical significance.

RESULTS

Baseline Clinical Characteristics and Dual-Tracer PET Imaging
In total, 22 patients with uHCC who received combination ther-

apy with a PD-1 inhibitor and lenvatinib (19 male and 3 female
patients; median age, 62.0 y) were included. Nineteen patients
were classified as Barcelona Clinic Liver Cancer stage C. Ten and
5 patients had prior regional or molecular targeted therapy, respec-
tively. All patients had at least 1 lesion with an SUVmax above 2.5
on both PET/CT scans. FTV was significantly higher than MTV
(Z 5 22.808, P 5 0.005), whereas differences between 68Ga-
FAPI and 18F-FDG SUVmax or between TLG and TLF were not
significant. The 3 paired indices all showed medium correlation.
The baseline clinical characteristics and PET parameters are sum-
marized in Table 1.

Treatment Efficacy
After baseline assessment, combination therapy with PD-1 inhib-

itor and lenvatinib began (median interval between PET/CT and ini-
tiation of treatment, 4.0 d). Nine, 6, 5, and 2 patients received
camrelizumab, toripalimab, tislelizumab, and pembrolizumab,
respectively. The choice of PD-1 inhibitor was based on various fac-
tors, including the stage of the disease, the line of treatment, individ-
ual patient preferences, and the insurance coverage of the drug.
The median duration of follow-up was 16.5mo (range, 8.0–

28.2mo). All 22 patients had complete radiologic evaluations.
During the initial combination therapy, the overall response rate
was 41% (9/22): a complete response was achieved in 1 patient, 8
patients had a partial response, 4 patients had stable disease, and
9 patients experienced progressive disease. Eleven (50%) patients
had DCB; 4 of them with prominent disease downstaging

underwent conversion surgeries. The other 11 (50%) patients
had NDB.
At the time of the analysis, 19 patients discontinued the

original combination therapy because of radiologically confirmed

TABLE 1
Baseline Characteristics of uHCC Patients (n 5 22)

Characteristic Data

Median age (y) 62.0 (range, 35–76)

Age . 65 y 7 (32%)

Sex

Female 3 (14%)

Male 19 (86%)

Hepatitis B surface antigen
A–positive

18 (82%)

Ascites 6 (27%)

Cirrhosis 13 (59%)

ECOG PS

0 or 1 19 (87%)

2 3 (14%)

Child–Pugh class

A 15 (68%)

B 7 (32%)

a-fetoprotein . 200 ng/mL 9 (41%)

Macrovascular invasion 16 (73%)

Extrahepatic spread 12 (53%)

Metastases to distant organs 7 (32%)

Bone metastases 3 (14%)

Barcelona Clinic Liver
Cancer stage for HCC

B 3 (14%)

C 19 (86%)

Prior regional treatment 10 (45%)

Partial resection 3 (14%)

Transarterial
chemoembolization/
radioembolization

8 (36%)

Radiofrequency ablation 2 (9%)

Radiotherapy for bone
metastasis

1 (5%)

Prior targeted therapy 5 (23%)

Median 18F-FDG SUVmax 6.7 (IQR, 4.5–10.9)

Median MTV (cm3) 157.4 (IQR, 18.3–365.3)

Median TLG (SUVbw"cm3) 534.8 (IQR, 58.9–1599.5)

Median 68Ga-FAPI SUVmax 8.9 (IQR, 6.7–10.9)

Median FTV (cm3) 312.6 (IQR, 106.4–525.4)

Median TLF (SUVbw"cm3) 1,274.8 (IQR, 323.8–1,840.1)

ECOG PS 5 Eastern Cooperative Oncology Group performance
status; IQR 5 interquartile range.

Data are number followed by percentage in parentheses, unless
indicated otherwise.
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progressive disease (n 5 15), intolerable adverse events (n 5 3),
or complete response (n 5 1). DCB patients tended to receive
more cycles of PD-1 inhibitors than NDB patients (median, 12
[interquartile range, 9–14] vs. 3 [interquartile range, 2–5]; P 5

0.13). Fewer DCB patients than NDB patients experienced pro-
gressive disease (7/11 vs. 11/11, P 5 0.09), with a longer time to
progression (13.1mo [interquartile range, 7.5–15.6mo] vs. 3.6mo
[interquartile range, 2.8–4.3mo], P , 0.01). Two (18%) patients
in the DCB group died after 13.4 and 14.4mo, respectively. Nine
(82%) patients in the NDB group died, with a median OS of
7.3mo; the follow-up time of the 2 surviving patients was 9.0 and
12.6mo, respectively. For the entire cohort, the median PFS was
4.8mo (95% CI, 1.5–8.5mo) and the median OS was 14.4mo
(95% CI, 12.2–16.6mo).

Comparison of Imaging and Clinical Factors Between DCB
and NDB Groups
Potential predictive factors were compared between patients

with DCB and NDB, as shown in Table 2. Patients with DCB
had a significantly lower FTV and TLF than patients with NDB
(P , 0.01). The difference in 18F-FDG SUVmax, MTV, TLG, and

68Ga-FAPI SUVmax between the 2 groups was not significant. A
comparison of the 6 PET indices is shown in Figure 2. Representa-
tive baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients
with DCB and NDB are shown in Figures 3–5.
More NDB patients than DCB patients had cirrhosis (P 5 0.08)

and Child–Pugh class B (P 5 0.06), though statistical significance
was not reached. No significant difference was found in other clin-
ical factors between patients with DCB and NDB (P . 0.1).
To determine the best cutoff of 18F-FDG SUVmax, MTV, TLG,

68Ga-FAPI SUVmax, FTV, and TLF for survival analyses, receiver-
operating-characteristic analysis was performed (Fig. 6). The thresh-
olds selected as the optimal cutoffs for predicting NDB were a TLF
of more than 961.74 SUVbody weight (SUVbw)"cm3 (area under the
receiver-operating-characteristic curve [AUC], 0.85; sensitivity, 1.00;
specificity, 0.73), an FTV of more than 230.46 cm3 (AUC, 0.86; sen-
sitivity, 1.00; specificity, 0.73), a 68Ga-FAPI SUVmax of more than
7.04 (AUC, 0.61; sensitivity, 0.91; specificity, 0.45), a TLG of more
than 693.53 SUVbw"cm3 (AUC, 0.62; sensitivity, 0.55; specificity,
0.82), an MTV of more than 206.80 cm3 (AUC, 0.60; sensitivity,
0.55; specificity, 0.82), and an 18F-FDG SUVmax of more than 6.69
(AUC, 0.50; sensitivity, 0.63; specificity, 0.64). To note, a TLF of

TABLE 2
Comparison of Potential Predictors Between Patients with DCB and NDB

Characteristic DCB (n 5 11) NDB (n 5 11) P

Age . 65 y 3 (27%) 4 (36%) 1.000

Male 8 (73%) 11 (100%) 0.214

Hepatitis B surface antigen A–positive 8 (73%) 10 (91%) 0.586

Ascites 1 (9%) 5 (45%) 0.149

Cirrhosis 4 (36%) 9 (82%) 0.080

ECOG PS 0.214

0 7 (64%) 4 (36%)

1 4 (36%) 3 (27%)

2 0 (0%) 3 (27%)

Child–Pugh class B 1 (9%) 6 (55%) 0.063

a-fetoprotein . 200ng/mL 5 (45%) 4 (36%) 1.000

Macrovascular invasion 7 (64%) 9 (82%) 0.635

Extrahepatic spread 6 (55%) 6 (55%) 1.000

Metastases to distant organs 3 (27%) 4 (36%) 1.000

Bone metastases 1 (9%) 2 (18%) 1.000

Barcelona Clinic Liver Cancer stage C 9 (82%) 10 (91%) 1.000

Prior regional treatment 7 (64%) 3 (27%) 0.198

Prior targeted therapy 4 (36%) 1 (9%) 0.311

Median 18F-FDG SUVmax 5.7 (IQR, 5.0–10.2) 6.9 (IQR, 3.3–13.0) 1.000

Median MTV (cm3) 154.2 (IQR, 16.1–200.7) 212.9 (IQR, 21.6–463.5) 0.438

Median TLG (SUVbw"cm3) 492.2 (IQR, 57.2–693.5) 693.5 (IQR, 62.3–3701.0) 0.365

Median 68Ga-FAPI SUVmax 8.8 (IQR, 6.0–10.7) 8.9 (IQR, 8.3–11.5) 0.401

Median FTV (cm3) 121.3 (IQR, 35.6–337.0) 436.1 (IQR, 289.1–838.9) 0.003

Median TLF (SUVbw"cm3) 359.2 (IQR, 120.0–1,344.5) 1,514.3 (IQR, 1,266.8–4,150.3) 0.004

ECOG PS 5 Eastern Cooperative Oncology Group performance status; IQR 5 interquartile range.
Data are number followed by percentage in parentheses, unless indicated otherwise.
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more than 961.74 SUVbw"cm3 and an FTV of more than 230.46 cm3

separated the same groups with 14 patients in the higher 68Ga-
FAPI–avid tumor burden group and 8 patients in the lower group; a

TLG of more than 693.53 SUVbw"cm3 and an MTV of more than
206.80 cm3 also separated the same groups with 8 patients in the
higher metabolic tumor burden group and 14 in the lower group.

Prognostic Factors for PFS and OS
As shown in Figure 7A, patients with a higher 68Ga-FAPI–avid

tumor burden demonstrated a significantly shorter PFS (median PFS,
4.0mo [95% CI, 3.1–4.8mo] vs. 13.5mo [95% CI, 11.5–15.6mo];
P 5 0.016). Stratification by 18F-FDG SUVmax, MTV/TLG, or 68Ga-
FAPI SUVmax did not exhibit a different PFS. In univariate analysis,
cirrhosis, an Eastern Cooperative Oncology Group performance status
of 2, macrovascular invasion, and a higher 68Ga-FAPI–avid tumor bur-
den were significantly associated with poor PFS (P , 0.1, Table 3).
In multivariate analysis, a higher 68Ga-FAPI–avid tumor burden
(hazard ratio [HR], 3.88 [95% CI, 1.26–12.01]; P 5 0.020) and
macrovascular invasion (HR, 4.00 [95% CI, 1.06–15.14]; P 5
0.039) were significant independent predictors for a shorter PFS.
As shown in Figure 7B, patients with a higher metabolic tumor

burden showed a shorter OS, though significance was not reached
(median OS, 7.8mo [95% CI, 5.9–9.6mo] vs. not reached; P 5
0.085); patients with a higher 68Ga-FAPI–avid tumor burden
showed a significantly shorter OS (median OS, 7.8mo [95% CI,
5.2–10.4mo] vs. not reached; P 5 0.030). In univariate analysis,
Child–Pugh B, bone metastases, a higher metabolic tumor burden,

and a higher 68Ga-FAPI–avid tumor burden
were associated with poor OS (P , 0.1,
Table 3). In multivariate analysis, bone
metastases (HR, 5.88 [95% CI, 1.33–25.93];
P 5 0.022) and a higher 68Ga-FAPI–avid
tumor burden (HR, 5.92 [95% CI,
1.19–29.42]; P 5 0.035) independently pre-
dicted a shorter OS.

DISCUSSION

The ever-growing novel ICB therapies in
uHCC have shown distinct efficacies.
Therefore, reliable noninvasive biomarkers
for response prediction to ICBs are urgently
needed to improve patient selection and
management. Classic pathologic biomarkers
have been evaluated to predict response to
PD-1/programmed death ligand 1 inhibitors
in HCC patients but have presented contra-
dictory outcomes across studies (1,4). In the
current study, we found that the molecular
burden of 68Ga-FAPI–avid tumor (FTV and
TLF) determined by 68Ga-FAPI PET/CT
was strongly associated with a shortened
PFS and OS and with NDB in uHCC
patients treated with PD-1 inhibitor and len-
vatinib. The combination of a high 68Ga-
FAPI–avid tumor burden and macrovascular
invasion is associated with a shorter PFS,
whereas an increased tumor 68Ga-FAPI bur-
den coupled with bone metastases predicted
poor OS.
The communication is complicated be-

tween tumor metabolism and heterogeneous
stromal components in the tumor micro-
environment. Previous studies showed that
68Ga-FAPI PET uptake and distribution

FIGURE 3. Representative baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients with DCB.
(A) A 63-y-old woman with multiple hepatic HCC, portal vein invasion, and lung metastases showing
low 68Ga-FAPI avidity and high metabolic tumor burden. (B) A 47-y-old woman with right-lobe HCC,
portal vein invasion, and lymph node metastases showing low 68Ga-FAPI avidity and metabolic
tumor burden. Patients in A and B reached partial response and underwent conversion surgery. (C) A
40-y-old man with multiple intrahepatic lesions, portal vein invasion, lymph node metastases, and
bone metastases. (D) A 50-y-old man with right-lobe HCC and portal vein invasion. Patients in C and
D had low 68Ga-FAPI avididy and metabolic tumor burden, with stable disease for .6mo. All 4
patients had OS. 12mo. wb5 whole body.

FIGURE 2. Comparison of 18F-FDG SUVmax, MTV, and TLG and of
68Ga-FAPI SUVmax, FTV, and TLF between DCB and NDB patients.
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strongly correlated with FAP expression characterized by immuno-
histochemistry in tumor tissues (10,16). FAP-positive cancer-
associated fibroblast subsets contribute to immunosuppression
through multiple pathways, including assisting differentiation of
monocytes to M2-like macrophages, secreting chemokine (C-X-C
motif) ligand 12, enhancing recruitment of myeloid-derived suppres-
sor cells, and promoting generation of regulatory T cells (17–20).
The current study showcased the potential of 68Ga-FAPI quantifica-
tion and stromal FAP expression to predict response to ICB in

uHCC. The role of FAP-positive cells in
HCC immune response is to be further
elucidated.
In HCC characterization, 18F-FDG

PET/CT is limited by low uptake in well-
differentiated HCC and background physi-
ologic activity in the liver. However, a
strong correlation between 18F-FDG up-
take by primary HCC and tumor differen-
tiation makes 18F-FDG PET/CT valuable
in survival prediction. Previous studies
found a significant association between
pretreatment 18F-FDG uptake or tumor
metabolic burden and poor survival in
HCC patients treated with transplantation,
regional therapy, or targeted therapy (6–8).
In this study, we also found that tumor
metabolic burden is a prognosticator of
OS, extending the prognostic value of 18F-
FDG PET in uHCC patients treated with
ICB. Importantly, 2 patients (Figs. 4A and
4C) with negligible 18F-FDG–avid lesions
and substantial 68Ga-FAPI uptake showed
poor survival of less than 6mo. FTV was
higher than MTV in this cohort because
more lesions were detected with 68Ga-
FAPI PET. The improved sensitivity of
intrahepatic lesion detection over 18F-FDG
PET can facilitate a better representation of
HCC tumor quantification.
The utility of PET/CT in HCC manage-

ment has been limited. 68Ga-FAPI PET has
brought additional value for not merely

FIGURE 4. Representative baseline 68Ga-FAPI and 18F-FDG PET/CT images of patients with NDB.
(A) A 63-y-old man with diffuse HCC. (B) A 69-y-old man with multiple intrahepatic HCC, portal vein
invasion, and lung and bone metastases. (C) A 69-y-old man with diffuse right-lobe HCC, portal vein
invasion, and lymph node metastases. Patients in A–C showed high 68Ga-FAPI avidity and low meta-
bolic tumor burden. (D) A 71-y-old man with diffuse right-lobe HCC and portal vein invasion showing
high 68Ga-FAPI avidity and metabolic tumor burden. All 4 patients progressed on first evaluation after
2–3 cycles of PD-1 inhibitor and had OS of,6mo. wb5 whole body.

FIGURE 5. Axial PET, CT, and PET/CT images of patients in Figures 3A
(left) and 4A (right).

FIGURE 6. Receiver-operating-characteristic analysis curve for 18F-FDG
SUVmax, TLG, and MTV and for 68Ga-FAPI SUVmax, TLF, and FTV for
predicting NDB.
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primary diagnosis, staging, and restaging but also response and sur-
vival prediction for HCC, regardless of tumor differentiation. The
value of 68Ga-FAPI PET should be further investigated in phase 3
uHCC clinical trials.

Our study had several limitations. First,
the study was limited to a small cohort
and different PD-1 regimens. Second, pre-
vious treatment for HCC was applied in
half the cohort and could potentially have
impacted the imaging results and clinical
outcomes. Third, regional treatment was
incorporated as a combination regimen in
some patients. Conversion surgery was
applied in 4 patients. The heterogeneous
treatment strategies may affect response
assessment and outcomes. Only a subset
of patients underwent biopsy before com-
bination therapy because of the invasive
nature of biopsy. In clinical practice, the
sequence of local, regional, and systemic
therapies for HCC can significantly differ
depending on tumor size and stage and on
the patient’s condition, making evaluation

of the impact of a single treatment option difficult. The indepen-
dent value of 68Ga-FAPI PET in patient prognosis should be fur-
ther investigated in prospective clinical trials. Last, elevated
background liver 68Ga-FAPI was found in some patients with

FIGURE 7. Kaplan–Meier curves for PFS (A) and OS (B) in uHCC patients stratified by optimal
cutoffs for 18F-FDG SUVmax, MTV/TLG, 68Ga-FAPI SUVmax, and FTV/TLF.

TABLE 3
Cox Proportional-Hazards Regression Analysis for PFS and OS

PFS OS

Univariable Multivariable Univariable Multivariable

Predictor HR P HR P HR P HR P

Age . 65 y 1.01 (0.35–2.91) 0.99 1.85 (0.54–6.41) 0.33

Male 2.24 (0.50–9.96) 0.29 6.42 (0.23–30.40) 0.36

HBsAg (1) 1.90 (0.54–6.74) 0.32 2.64 (0.34–20.80) 0.36

Ascites 1.66 (0.58–4.79) 0.35 2.66 (0.76–9.24) 0.12

Cirrhosis 2.96 (1.03–8.49) 0.038 2.27 (0.62–8.28) 0.22 1.66 (0.48–5.69) 0.42

ECOG PS 2 4.34 (1.01–18.6) 0.046 2.83 (0.66–12.21) 0.16 2.91 (0.57–14.72) 0.20

Child–Pugh class B 1.98 (0.71–5.51) 0.19 3.45 (1.02–11.66) 0.054 1.43 (0.35–5.79) 0.62

AFP . 200 ng/mL 1.46 (0.56–3.74) 0.43 1.27 (0.39–4.19) 0.69

Macrovascular invasion 3.60 (1.01–12.85) 0.048 4.00 (1.06–15.14) 0.039 2.17 (0.46–10.16) 0.33

Extrahepatic spread 0.71 (0.27–1.86) 0.49 1.22 (0.37–4.02) 0.75

Distant-organ metastases 0.93 (0.32–2.66) 0.89 2.07 (0.63–6.83) 0.23

Bone metastases 2.21 (0.60–8.21) 0.24 4.27 (1.05–17.25) 0.037 5.88 (1.33–25.93) 0.022

BCLC stage C 1.48 (0.34–6.49) 0.61 1.63 (0.21–12.78) 0.64

Prior regional treatment 0.58 (0.23–1.50) 0.26 0.74 (0.22–2.42) 0.61

Prior targeted therapy 0.39 (0.11–1.37) 0.14 0.25 (0.03–1.96) 0.19
18F-FDG SUVmax . 6.69 1.39 (0.55–3.52) 0.49 1.94 (0.57–6.66) 0.29

MTV . 206.80 cm3

or TLG . 693.53
SUVbw"cm3

1.81 (0.69–4.76) 0.23 2.74 (0.83–9.07) 0.10 2.80 (0.83–9.42) 0.10

68Ga-FAPI SUVmax . 7.04 1.36 (0.53–3.45) 0.52 1.55 (0.45–5.30) 0.49

FTV . 230.46 cm3

or TLF . 961.74
SUVbw"cm3

3.54 (1.20–10.45) 0.015 3.88 (1.26–12.01) 0.020 4.83 (1.02–22.88) 0.048 5.92 (1.19–29.42) 0.035

HBsAg (1) 5 hepatitis B surface antigen A–positive; ECOG PS 5 Eastern Cooperative Oncology Group performance status; AFP 5

a-fetoprotein; BCLC 5 Barcelona Clinic Liver Cancer.
Data in parentheses are 95% CIs.
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cirrhosis, and manual contours were carefully applied. The value
of cirrhosis-mediated FAP activity in HCC prognosis warrants
further investigation (21).

CONCLUSION

Volumetric indices on baseline 68Ga-FAPI PET/CT were poten-
tially independent prognostic factors to predict DCB, PFS, and OS
in uHCC patients treated with a combination of PD-1 inhibitor and
lenvatinib. Baseline 68Ga-FAPI PET/CT may facilitate selection of
uHCC patients for the combination of ICB and targeted therapy.
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KEY POINTS

QUESTION: Can baseline 68Ga-FAPI PET predict response and
survival in uHCC patients treated with ICB-based combination
therapy?

PERTINENT FINDINGS: Volumetric indices on baseline
68Ga-FAPI PET/CT can potentially predict DCB, PFS, and OS in
uHCC patients treated with a combination of PD-1 inhibitor and
lenvatinib.

IMPLICATIONS FOR PATIENT CARE: Baseline 68Ga-FAPI
PET/CT may facilitate uHCC patient selection for the combination
of ICB and targeted therapy.
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PET imaging using the somatostatin receptor 2 (SSTR2) antagonist
satoreotide trizoxetan (SSO-120, previously OPS-202) could offer
accurate tumor detection and screening for SSTR2-antagonist radio-
nuclide therapy in patients with SSTR2-expressing small cell lung can-
cer (SCLC). The aim of this single-center study was to investigate
tumor uptake and detection rates of 68Ga-SSO-120 in comparison to
18F-FDGPET in the initial staging of SCLC patients.Methods:Patients
with newly diagnosed SCLC who underwent additional whole-body
68Ga-SSO-120 PET/CT during the initial diagnostic workupwere retro-
spectively included. The mean administered activity was 139 MBq,
and the mean uptake time was 60min. Gold-standard staging
18F-FDG PET/CT was evaluated if available within 2 wk before or after
68Ga-SSO-120 PET if morphologic differences in CT images were
absent. 68Ga-SSO-120– or 18F-FDG–positive lesions were reported in
7 anatomic regions (primary tumor, thoracic lymph node metastases,
and distant metastases including pleural, contralateral pulmonary,
liver, bone, and other) according to the TNMclassification for lung can-
cer (eighth edition). Consensus TNM staging (derived from CT, endo-
bronchial ultrasound-guided transbronchial needle aspiration, PET,
and brain MRI) by a clinical tumor board served as the reference stan-
dard. Results: Thirty-one patients were included, 12 with limited and
19 with extensive disease according to the Veterans Administration
Lung Study Group classification. 68Ga-SSO-120–positive tumor was
detected in all patients (100%) and in 90 of the 217 evaluated regions
(41.5%). Thirteen patients (42.0%) had intense average 68Ga-SSO-
120 uptake (region-based mean SUVmax $ 10); 28 patients (90.3%)
had average 68Ga-SSO-120 uptake greater than liver uptake (region-
based mean peak tumor-to-liver ratio . 1). In 25 patients with evalu-
able 18F-FDG PET, primary tumor, thoracic lymph node metastases,
and distant metastases were detected in 100%, 92%, and 64%,
respectively, of all investigated patients by 68Ga-SSO-120 and in
100%, 92%, and 56%, respectively, by 18F-FDG PET. 68Ga-SSO-120
PET detected additional contralateral lymph node, liver, and brain

metastases in 1, 1, and 2 patients, respectively (no histopathology
available), and 18F-FDG PET detected additional contralateral lymph
node metastases in 3 patients (1 confirmed, 1 systematic endobron-
chial ultrasound-guided transbronchial needle aspiration–negative, and
1 without available histopathology). None of these differences altered
Veterans Administration Lung Study Group staging. The region-based
monotonic correlation between 68Ga-SSO-120 and 18F-FDG uptake
was low (Spearman r5 0.26–0.33). Conclusion: 68Ga-SSO-120 PET
offers high diagnostic precision with comparable detection rates and
additional complementary information to the gold standard, 18F-FDG
PET. Consistent uptake in most patients warrants exploration of
SSTR2-directed radionuclide therapy.

KeyWords: 68Ga-SSO-120; 68Ga-OPS-202; PET; SCLC; SSTR

J Nucl Med 2023; 64:1540–1549
DOI: 10.2967/jnumed.123.265664

Small cell lung cancer (SCLC) is a highly aggressive tumor with
a dismal prognosis and comprises about 15% of lung cancer diagno-
ses (1). SCLC tumor cells typically show a distinct molecular
profile compared with other lung cancers and often exhibit neuroen-
docrine characteristics (2). Molecular imaging of glucose metabo-
lism using 18F-FDG PET/CT is the gold standard imaging in
multidisciplinary management of SCLC patients, as it offers more
accurate staging than conventional CT and bone scintigraphy (3,4)
and accuracy can be crucial in deciding between curative or pallia-
tive treatment. Because SCLCs frequently express somatostatin
receptors (SSTRs), particularly type 2 SSTRs (SSTR2), they are
potentially also amenable to SSTR-directed theranostics (5).
Molecular imaging using SSTR agonists such as 68Ga-DOTA-

TATE or 68Ga-DOTATOC is well established for both gastroentero-
pancreatic neuroendocrine tumors (NETs) (6) and pulmonary NETs
(7). In a theranostic approach, peptide receptor radionuclide therapy
using 177Lu-DOTATATE or 177Lu-DOTATOC can be performed
and has been approved for treatment of gastroenteropancreatic
NETs (8,9). In SCLC patients, mixed results were described, with
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high PET tracer accumulation in only a subgroup of patients (10),
indicating inter- and intraindividually variable SSTR expression and
a generally lower level of SSTR expression than in NETs. SSTR-
agonist peptide receptor radionuclide therapy was performed on
small patient groups and without resounding success (10,11). There-
fore, neither SSTR-targeting molecular imaging nor radionuclide
therapy has yet found its way into the routine management of
patients with SCLC.
SSTR2 antagonists such as 68Ga-SSO-120/177Lu-SSO-110 (inter-

national nonproprietary name: 68Ga-satoreotide trizoxetan/177Lu-
satoreotide tetraxetan, also known as 68Ga-OPS-202/177Lu-OPS-201
or 68Ga-NODAGA-JR11/177Lu-DOTA-JR11) offer promising novel
theranostic options. They show higher tumor uptake and longer
retention times than SSTR agonists, probably because they bind to
SSTRs not only in active states but also in inactive states (12). In the
first clinical applications in NETs, this characteristic resulted in a
higher tumor-to-background ratio and sensitivity in PET imaging
(13,14) and high tumor-absorbed doses in radionuclide therapy
(15–17). Thus, tumors with lower SSTR2 expression than NETs
might also become susceptible to SSTR-directed theranostics (12).
We therefore hypothesized that 68Ga-SSO-120 PET allows precise
tumor detection and screening for SSTR2-antagonist radionuclide
therapy in patients with SSTR2-expressing SCLC.
Since 68Ga-SSO-120 PET became available at our institution, we

have routinely performed 68Ga-SSO-120 PET and 18F-FDG PET
for staging and restaging of SCLC patients. We here report the first,
to our best knowledge, evaluation of clinical 68Ga-SSO-120
PET/CT imaging in SCLC patients. The aim of the study was to
investigate tumor detection rates and tracer uptake on 68Ga-SSO-
120 PET in comparison to 18F-FDG PET.

MATERIALS AND METHODS

Patients and Ethics
We retrospectively screened our institutional database for patients

who underwent clinical 68Ga-SSO-120 PET/CT for staging of SCLC
with neuroendocrine differentiation (based on immunohistochemistry
for CD56, synaptophysin SP11, and thyroid transcription factor 1).
For further analysis, we selected patients whose primary diagnosis had
been received within 3mo before the 68Ga-SSO-120 PET and who
were at the beginning of their first-line therapy (allowing PET imaging
before, within, or after a first cycle of primary chemotherapy). Addi-
tional staging 18F-FDG PET/CT was used for comparison if available
within 2 wk before or after 68Ga-SSO-120 PET and if no major mor-
phologic differences were observed on the CT images (stable disease
according to RECIST 1.1). Patients gave written informed consent to
undergo clinical PET examinations. The local institutional ethics com-
mittee (University of Duisburg–Essen, medical faculty) approved the
study (ethics protocol 22-11013-BO) and waived the need for study-
specific consent.

PET/CT Imaging
PET/CT images were acquired on a Biograph Vision 600 (Siemens

Healthineers), a Biograph mCT (Siemens Healthineers), or a Vereos
(Philips Healthcare) PET/CT system. The mean administered activity
(6SD) was 1396 27 MBq of 68Ga-SSO-120, and the mean uptake
time was 606 18min, in accordance with the dose recommendations
from a phase I/II study on patients with gastroenteropancreatic NETs
(18). Before the PET acquisition, a contrast-enhanced whole-body CT
scan was performed if not clinically available within 4 wk before the
examination date; otherwise, a low-dose CT scan without application of
contrast medium was acquired for attenuation correction and anatomic
localization of PET uptake. The PET/CT acquisition and image

reconstruction were performed according to our clinically established
PET protocols for 68Ga-based tracers (19).

PET Image Analysis
All PET images were analyzed by 2 nuclear medicine physicians

with several years of experience in PET reporting. When the findings
were discrepant, the images were reevaluated for consensus decision
making. 68Ga-SSO-120– or 18F-FDG–positive lesions were reported
for each patient separately in 7 different anatomic categories according
to the TNM classification (World Health Organization/International
Association for the Study of Lung Cancer, eighth edition) (20) for
staging of lung cancer patients (primary tumor, thoracic lymph node
metastases, and distant metastases including pleural, contralateral pul-
monary, liver, bone, and other lesions). 68Ga-SSO-120/18F-FDG posi-
tivity was defined as visually markedly increased lesion uptake
compared with local background; local background was used for this
comparison because if a global reference was used, the characteristics
of 68Ga-SSO-120 PET (e.g., very low physiologic cerebral uptake and
high physiologic adrenal gland uptake) would impede an accurate
detectability comparison to 18F-FDG PET (showing a different physio-
logic uptake pattern). Region-based detection rates were calculated
using the total number of regions that were 68Ga-SSO-120– and/or
18F-FDG–positive as a reference. Our interdisciplinary clinical tumor
board (in which certified board members from interventional pneumol-
ogy, thoracic surgery, oncology, radiotherapy, radiology, nuclear med-
icine, and pathology participate) derived the consensus TNM stage
from thoracoabdominal CT, brain MRI, whole-body PET, and endo-
bronchial ultrasound-guided transbronchial needle aspiration, and this
consensus stage served as the reference standard for validation of a
lesion that was 68Ga-SSO-120– or 18F-FDG–positive.

For semiquantitative analysis, the SUVmax and SUVpeak of the hottest
lesion in each of the predefined TNM regions that were 68Ga-SSO-
120–/18F-FDG–positive were determined (in regions with multiple
lesions, only the hottest lesion was evaluated). To calculate SUVmax

and SUVpeak tumor-to-liver ratios (TLRmax and TLRpeak, respectively),
SUVmean was determined in a spheric volume of interest of 14 mL
(3 cm in diameter) in the right liver lobe as suggested in PERCIST 1.0,
and the following definitions were used (21,22):

TLRmax5
SUVmax

SUVmean, liver

and

TLRpeak5
SUVpeak

SUVmean, liver
:

Patient-based mean SUVmax was defined as the mean of the SUVmax

of the hottest lesions from all 68Ga-SSO-120– or 18F-FDG–positive
regions per patient.

COMPARISON OF 68GA-SSO-120 AND 18F-FDG PET

In patients with available 18F-FDG PET, patient- and region-
based detection rates were compared between 68Ga-SSO-120 and
18F-FDG PET. For the region-based analysis, N-status and M-status
were determined following the TNM classification for lung cancer
patients (World Health Organization/International Association for
the Study of Lung Cancer, eighth edition) (20), whereas analysis of
the primary tumor (T) was restricted to positive (T1) or negative
(T0), as PET imaging does not allow exact determination of local
tumor extent.
Semiquantitative measures (SUVmax, SUVpeak, TLRmax, and

TLRpeak) were compared between 68Ga-SSO-120 and 18F-FDG PET
in a region-based analysis. Moreover, the region-based monotonic
correlation between 68Ga-SSO-120– and 18F-FDG–positive findings
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was evaluated. Adrenal gland and brain metastases were not
included in these comparisons because their high physiologic uptake
on 68Ga-SSO-120 or 18F-FDG PET, respectively, would bias the
analysis. Distant metastases (pleural, contralateral pulmonary, liver,
bone, and other) were summarized into a single category indicating
the uptake value of the hottest lesion.
For a patient-based analysis, region-based mean SUVmax and

TLRpeak (mean of SUVmax and TLRpeak, respectively, from all pos-
itive regions per patient) were calculated and compared between
68Ga-SSO-120 and 18F-FDG PET.

Statistics and Software
All statistical evaluations were performed using R statistical

software, version 4.1.2 (R Foundation for Statistical Computing).
For comparison of differences in SUV and TLR between 68Ga-
SSO-120 and 18F-FDG, a Mann–Whitney U test was applied.
Beforehand, the data were tested with the Shapiro–Wilk test for para-
metric distribution. The monotonic correlation of SUV and TLR
across 68Ga-SSO-120 and 18F-FDG PET was analyzed using Spear-
man r. P values of 0.05 or less were regarded as statistically signifi-
cant. The graphical abstract was created using BioRender.com.

RESULTS

Patient Characteristics
Between May 2022 and January 2023, 76 patients underwent

PET imaging for staging or restaging of SCLC at our institution
(University Hospital Essen). Of these, 47 were investigated for ini-
tial staging and 32 underwent additional 68Ga-SSO-120 PET/CT.
One patient was excluded because the diagnosis of SCLC had
been changed to non–small cell lung cancer after 68Ga-SSO-120
PET/CT. Details are presented in Figure 1.
Of 31 included patients, 4 were in TNM stage IIIA (12.9%), 4 in

IIIB (12.9%), 4 in IIIC (12.9%), and 19 in IV (61.3%) (20); 12
patients showed limited (38.7%) and 19 extensive (61.3%) disease
according to the Veterans Administration Lung Study Group
(VALG) classification (referring to clinical primary staging by

thoracoabdominal CT, head MRI, whole-body PET, and endobron-
chial ultrasound-guided transbronchial needle aspiration). Detailed
patient characteristics, including TNM stages, are given in Table 1.
Evaluable additional staging 18F-FDG PET was available for 25

patients (80.6%), with a median interval between 18F-FDG and
68Ga-SSO-120 PET of 3 d (range, 27 to 14 d). In 15 patients
(60.0%), 18F-FDG PET was performed before, and in 5 patients
(20.0%) after, 68Ga-SSO-120 PET; in 5 patients (20.0%), both
modalities were performed on the same day. In 15 patients
(60.0%), treatment was initiated (ongoing first cycle of first-line
chemotherapy) between 18F-FDG PET and 68Ga-SSO-120 PET.

SSO-120 PET Imaging Results
In the patient-based analysis, all 31 patients (100%) showed

68Ga-SSO-120–positive tumors (any lesion). In the region-based
analysis, in 90 of the 217 evaluated TNM regions (41.5%), 68Ga-
SSO-120–positive tumor was detected. All 31 patients showed a
68Ga-SSO-120–positive primary tumor (100%), whereas 68Ga-
SSO-120–positive thoracic lymph node metastases were detected in
29 of 31 patients (93.5%), and 68Ga-SSO-120–positive distant
metastases were detected in 19 of 31 patients (61.3%). Region-
based semiquantitative 68Ga-SSO-120 uptake ratios for primary
tumor, thoracic lymph node metastases, and distant metastases are

FIGURE 1. Flowchart for patients who underwent 68Ga-SSO-120 PET at
our institution (University Hospital Essen) between May 2022 and January
2023 and patients who were analyzed according to inclusion criteria. CTX
5 chemotherapy.

TABLE 1
Patient Characteristics

Characteristic Data

Age (y) 67 (50–81)

Sex

Male 18 (58.1)

Female 13 (41.9)

T

1 4 (12.9)

2 3 (9.7)

3 5 (16.1)

4 19 (61.3)

N

0 3 (9.7)

1 0 (0)

2 12 (38.7)

3 16 (51.6)

M

0 12 (38.7)

1 19 (51.3)

1a 4 (12.9)

1b 4 (12.9)

1c 11 (25.5)

Therapy

Therapy-naïve 7 (22.6)

Within first cycle of chemotherapy 12 (38.7)

After first cycle of chemotherapy 12 (38.7)

Qualitative data are number and percentage; continuous data
are median and range.
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presented in Table 2. In the category distant metastases, the table
indicates mean SUV/TLRmax/peak of the hottest distant metastasis per
patient; full details indicating SUV and TLR for each of the meta-
static subregions (pleural, contralateral pulmonary, liver, bone, and
other) are given in Supplemental Table 1 (supplemental materials are
available at http://jnm.snmjournals.org). Ten patients showed 68Ga-
SSO-120–positive other distant metastases (3 with brain metastases;
2 with abdominal lymph node metastases; 1 with cervical lymph
node metastases; 1 with adrenal and brain metastases; 1 with soft-
tissue metastases; 1 with diaphragm metastases; and 1 with adrenal,
brain, peritoneal, and abdominal lymph nodemetastases).
Thirteen patients (42.0%) showed a high mean SUVmax ($10),

10 patients (32.3%) an intermediate mean SUVmax ($5 but ,10),
and 8 patients (25.7%) a low mean SUVmax (,5). Twenty-eight
patients (90.3%) had average 68Ga-SSO-120 uptake greater than
liver uptake (region-based mean TLRpeak . 1), with markedly
greater uptake (region-based mean TLRpeak $ 2) in 18 patients
(58.1%). Figure 2 shows image examples of patients with different
68Ga-SSO-120 uptake patterns and the distribution of the 68Ga-
SSO-120 uptake groups. In 5 patients, brain metastases were
detected on 68Ga-SSO-120 PET: the SSTR expression level in the
brain appeared to allow diagnostic findings there due to low back-
ground activity, whereas brain imaging is a well-known weakness
of 18F-FDG PET because of high physiologic cerebral glucose
metabolism. In 2 patients, adrenal metastases were detectable by
an irregular morphologic shape on CT and 68Ga-SSO-120 PET
images and an inhomogeneous 68Ga-SSO-120 uptake pattern,
whereas increased uptake on 68Ga-SSO-120 PET was difficult to
evaluate because of high physiologic adrenal SSTR expression.

Comparison of 68Ga-SSO-120 and 18F-FDG PET
In the patient-based analysis, all 25 patients (100%) showed

68Ga-SSO-120– and 18F-FDG–positive tumor (any lesion). In the

region-based analysis, 68Ga-SSO-120–positive tumor was detected
in 71 of the 175 evaluated TNM regions (40.6%) and 18F-FDG–
positive tumor was detected in 68 regions (38.9%) (Fig. 3). Primary
tumor, thoracic lymph node metastases, and distant metastases
were detected in 25 of 25 patients (100%), 23 of 25 patients
(92.0%), and 16 of 25 patients (64.0%), respectively, by 68Ga-SSO-
120 and in all patients (100%), 23 of 25 patients (92.0%), and 14 of
25 patients (56.0%), respectively, by 18F-FDG PET. Detailed
results, including subregions of distant metastases, are given in
Supplemental Table 2. Region-based detection rates (calculated
using the total number of regions that were 68Ga-SSO-120– or 18F-
FDG–positive as a reference) were 100% for 68Ga-SSO-120 PET
and 95.8% for 18F-FDG PET.
Regarding single lesions in the predefined regions with a poten-

tial influence on the TNM classification, in 1 patient a contralateral
thoracic lymph node metastasis was detected only on 68Ga-SSO-
120 PET (TNM cN3 vs. cN2, not inducing differences in the
region-based analysis), in 2 patients additional brain metastases
were detected only on 68Ga-SSO-120 PET (TNM cM1b vs. cM0),
and in 1 patient liver metastases were detected only on 68Ga-SSO-
120 PET (TNM cM1c vs. cM1c). In 3 patients contralateral tho-
racic lymph node metastases were detected only on 18F-FDG PET
(TNM cN2 vs. cN3, not inducing differences in the region-based
analysis). Of note, in 1 patient with additional brain metastases
on 68Ga-SSO-120 PET, the largest lesion showed no uptake but
did show a discernable photopenic shape on 18F-FDG PET. One
additional metastasis on 18F-FDG PET was histopathologically
confirmed; for another one, systematic endobronchial ultrasound-
guided transbronchial needle aspiration was negative. For the other
additional lesions (1 on 18F-FDG and 4 on 68Ga-SSO-120 PET),
histopathology was not available. These differences did not lead to
changes in VALG staging or treatment strategies because other
lesions were stage-determining or, in the case of brain metastases,

previously known from MRI. Image exam-
ples of lesions that were detected only on
68Ga-SSO-120 or 18F-FDG PET and of
brain and adrenal metastases are shown in
Figures 4 and 5.
Mean semiquantitative 18F-FDG uptake

was significantly higher than 68Ga-SSO-120
uptake in primary tumors and thoracic
lymph node metastases; uptake was compa-
rable in distant metastases (Figs. 6A–6C for
SUVmax and TLRmax and Supplemental
Figs. 1A–1C for SUVpeak and TLRpeak).
These differences are most likely an expres-
sion of the different molecular targets (glycol-
ysis on 18F-FDG PET vs. SSTR2 expression
on 68Ga-SSO-120 PET). Numeric results are

TABLE 2
Region-Based 68Ga-SSO-120 Uptake

Region SUVmax SUVpeak TLRmax TLRpeak

Primary tumor 11.26 8.8 9.06 7.3 4.66 4.4 3.763.6

Thoracic lymph node metastases 11.96 10.4 9.36 8.6 5.16 5.1 4.064.1

Distant metastases 12.76 12.8 9.86 10.1 5.56 6.7 4.265.2

Data are mean 6 SD.

FIGURE 2. Distribution of 68Ga-SSO-120 uptake patterns and image examples (maximum-
intensity projections) of patients with very high, high, intermediate, and low 68Ga-SSO-120 uptake.
SUVmax refers to region-based mean SUVmax (mean from all 68Ga-SSO-120–positive regions per
patient).
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shown in Table 3 (SUVmax and TLRmax) and Supplemental Table 3
(SUVpeak and TLRpeak). Shapiro–Wilk test results are presented in
Supplemental Table 4. Overall, 68Ga-SSO-120 and 18F-FDG SUVmax,
SUVpeak, TLRmax, and TLRpeak showed a low monotonic correlation,
with a Spearman r of 0.33 (SUVmax), 0.32 (SUVpeak), 0.28 (TLRmax),

and 0.26 (TLRpeak), respectively (Fig. 6D for SUVmax and TLRmax;
Supplemental Fig. 1D for SUVpeak and TLRpeak).
Moreover, the correlation analysis indicated that in a relevant

number of patients, region-based 18F-FDG uptake was high
whereas 68Ga-SSO-120 uptake was low, and in some patients
region-based 68Ga-SSO-120 uptake was high whereas 18F-FDG
was low (Fig. 6D; Supplemental Fig. D). We therefore sorted
patients into different groups according to their region-based 68Ga-
SSO-120 and 18F-FDG mean SUVmax (using a mean SUVmax $ 10
as the cutoff). The analysis revealed 1 patient (4.0%) with high
68Ga-SSO-120 uptake and low-to-intermediate 18F-FDG uptake, 9
patients (36.0%) with both high 68Ga-SSO-120 uptake and high
18F-FDG uptake, 13 patients (52.0%) with low 68Ga-SSO-120
uptake but high 18F-FDG uptake, and 2 patients (8.0%) with both
low 68Ga-SSO-120 uptake and low 18F-FDG uptake. A detailed
presentation of patients with different 68Ga-SSO-120/18F-FDG
uptake patterns, including image examples, is in Figure 7. Of note,
5 patients (20.0%) showed very low 68Ga-SSO-120 uptake (mean
SUVmax, 5) but high 18F-FDG uptake (mean SUVmax$ 10).

DISCUSSION

This is, to the best of our knowledge, the first description of
SSTR2-antagonist PET imaging in SCLC patients. In the patient-
based and region-based analyses, detection rates were comparable
between 68Ga-SSO-120 and 18F-FDG PET, indicating that both
are valuable tools for primary staging of SCLC patients. As 18F-
FDG PET is already well established, it will probably remain the
mainstay of molecular imaging in SCLC patients. 68Ga-SSO-120
PET likewise offers precise tumor detection and additional com-
plementary information, as the region-based correlation between
68Ga-SSO-120 and 18F-FDG uptake was low (Fig. 6; Supplemen-
tal Fig. 1). In patients with sufficient SSTR2-antagonist uptake,

FIGURE 3. Venn diagram of region-based analysis showing numbers
and distributions of only 68Ga-SSO-120–positive regions, only 18F-
FDG–positive regions, 68Ga-SSO-120– and 18F-FDG–positive-regions,
and regions in which no tumor was detected. In total, 175 regions were
evaluated.

FIGURE 4. Image examples of liver and thoracic lymph node metastases in 68Ga-SSO-120 in comparison to 18F-FDG PET. Each panel shows
maximum-intensity projections (left), transversal PET images (top right), and transversal PET/CT images (bottom right). (A) Liver metastases that were
detected only on 68Ga-SSO-120 PET. (B) Thoracic lymph node metastasis that was detected only on 68Ga-SSO-120 PET. (C) Thoracic lymph node
metastases that were detected only on 18F-FDG PET.
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targeted radionuclide therapy may be performed in a theranostic
approach. Of note, the cutoff of mean SUVmax ($10) used in this
work to define high uptake is not an established standard for eval-
uating the applicability of SSTR2-directed radionuclide therapy
but was chosen to compare the intensity of the uptake interindivi-
dually and in comparison to 18F-FDG uptake. Moreover, Fendler
et al. recently used an SUVmax cutoff of at least 10 in more than
50% of tumor lesions to select patients for systemic radionuclide
therapy with the fibroblast activation protein inhibitor 90Y-FAPI-
46 (23).
A main goal of PET imaging in primary staging of SCLC

patients is to distinguish limited disease from extensive disease to
help determine the treatment (24). In this context, correct upsta-
ging in binary VALG classification can prevent patients from
undergoing ineffective surgery or radiotherapy. In this study,
68Ga-SSO-120 PET detected more distant metastases, whereas
18F-FDG PET detected more contralateral thoracic lymph node
metastases (Figs. 3 and 4). However, the additionally detected
metastases did not alter VALG staging. In 2 patients, additional
brain metastases on 68Ga-SSO-120 PET were already known from
cerebral MRI. Another patient had not only liver metastases that
were additionally detected on 68Ga-SSO-120 PET but also pleural
and bone manifestations. In larger patient cohorts, however, recog-
nition of additional distant metastases could potentially influence
patient management regarding the decision toward curative or pal-
liative treatment intent.
In this context, a known limitation of 18F-FDG PET in SCLC

patients is detection of brain metastases, because they are barely
discernible from high physiologic cerebral glucose uptake (4).
68Ga-SSO-120 PET showed clearly detectable brain metastases in
5 patients, but in 1 patient a brain metastasis known from MRI
was not detected. For 5 of these 6 patients, additional 18F-FDG

PET was available (Fig. 5A), and in 2
patients, 18F-FDG uptake of brain metasta-
ses was observed. Of note, in 1 patient
with several 68Ga-SSO-120–positive brain
metastases, the largest one showed no
uptake but did show a discernable photope-
nic shape on 18F-FDG PET. In contrast,
68Ga-SSO-120 PET is limited for detection
of adrenal metastases because of the adrenal
glands’ high physiologic uptake (25). In our
cohort, in 2 patients adrenal metastases were
detected by an irregular shape on morpho-
logic CT and 68Ga-SSO-120 PET images
and by an inhomogeneous 68Ga-SSO-120
uptake pattern, whereas elevated tracer
uptake was difficult to evaluate (Fig. 5B).
Detection of additional thoracic lymph

node metastases does not alter binary
VALG staging but can, in patients with
limited disease, evoke an extension of the
target volume in radiotherapy planning
(26). In this study, 3 patients were rated
cN3 only on 18F-FDG PET, compared with
1 patient rated cN3 only on 68Ga-SSO-120
PET. Future studies are necessary to under-
stand the potential clinical benefit of per-
forming a dual-tracer approach in a purely
diagnostic setting. It is noteworthy that a
significant number of lesions had low

68Ga-SSO-120 uptake but were still identifiable because they had
clearly increased uptake compared with the surrounding back-
ground and also exhibited suggestive morphologic features. A rele-
vant number of these lesions yet showed high 18F-FDG uptake,
with a general trend toward higher 18F-FDG uptake for primary
tumor and thoracic lymph node metastases, whereas uptake was
comparable in distant metastases (Fig. 6; Supplemental Fig. 1).
All patients showed any 68Ga-SSO-120 uptake, and about 40%

of patients demonstrated high 68Ga-SSO-120 uptake (Fig. 2), with
1 patient presenting high 68Ga-SSO-120 uptake and low 18F-FDG
uptake (Fig. 7). In most patients, tumor 68Ga-SSO-120 uptake was
greater than liver uptake. We used region-based mean TLRpeak per
patient as a suggested robust semiquantitative measure to evaluate
lesion uptake in comparison to liver uptake. This measure was cho-
sen on the basis of the visual Krenning score, which was originally
introduced for octreotide scintigraphy and evaluates lesion uptake
in comparison to physiologic reference tissue. Tumor uptake
greater than liver uptake corresponds to a Krenning score of 3, and
tumor uptake greater than spleen or kidney uptake corresponds to a
score of 4 (27). Typically, peptide receptor radionuclide therapy
can be applied to NETs if the Krenning score is at least 3. 68Ga-
SSO-120 uptake did not show a normal distribution (Supplemental
Table 2), probably indicating different interindividual uptake pat-
terns. Two previous studies used SSTR-agonist PET in SCLC
patients. Both reports described enhanced tracer uptake in about
half the included patients (10,11), and 1 report described any
uptake in more than 80% of the evaluated lesions (11). The higher
rates of patients with uptake on SSTR2-antagonist PET are in line
with a previous comparison in patients with gastroenteropancreatic
NETs describing an improved lesion-based detection rate for 68Ga-
SSO-120 compared with 68Ga-DOTATOC PET, with a particular
benefit for liver metastases (13).

FIGURE 5. Image examples of brain and adrenal metastases on 68Ga-SSO-120 PET in comparison
to 18F-FDG PET. Each panel shows maximum-intensity projections (left), transversal PET images
(top right), and transversal PET/CT images (bottom right). (A) Brain metastasis that was detected only
on 68Ga-SSO-120 PET. (B) Adrenal metastasis that was detected on both 68Ga-SSO-120 PET and
18F-FDG PET.
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Future evaluations of 68Ga-SSO-120 PET in SCLC patients might
point in 2 directions. First, immunohistochemical examination
including determination of SSTR2 expression in lesions that have
different 68Ga-SSO-120 uptake and were previously biopsied or

afterward resected might allow a deeper
understanding of the various 68Ga-SSO-
120/18F-FDG uptake patterns. Most SCLC
cells express SSTR2 (28), with high-level
SSTR2 expression occurring in almost half
of SCLC patients (29), but expression varies
in SCLC subtypes with different gene sig-
natures of transcription factors (30). If high
uptake on 68Ga-SSO-120 PET can be pre-
dicted from histopathologic examination,
patients who could benefit from this exami-
nation may be selected via the initial
biopsy. The other way around, 68Ga-SSO-
120 PET may serve as a noninvasive tool
to guide toward specific biopsy locations
(if 68Ga-SSO-120 uptake correlates with
the genetic profile, particularly in advanced
disease with clonal evolution and a hetero-
geneous uptake pattern). For 68Ga-DOTA-
TATE, a correlation between histologic
SSTR2 expression and both SUVpeak and
TLR values was described (10). Moreover,
in the increasing field of personalized medi-
cine and theranostic options, characterization
of the molecular basics of tumor biology is
decisive to select the most appropriate ther-
apy, with radionuclide therapy using SSTR2
antagonists such as 177Lu-SSO-110 being a
possible new theranostic approach in SCLC
patients. In this context, SSTR2 PET might
be a more accurate screening tool for SSTR2
positivity than immunohistochemical exami-
nation, as—regarding intraindividual hetero-
geneity of expression levels—it enables
whole-body examination and is not affected
by sampling errors.

Second, mid- and long-term follow-up of patients who under-
went 68Ga-SSO-120 PET for initial tumor staging may allow
investigation of the prognostic value of 68Ga-SSO-120 PET.
Patients with sufficient 68Ga-SSO-120 uptake might potentially

FIGURE 6. (A–C) Region-based box plot of 68Ga-SSO-120 SUVmax and TLRmax in comparison to
18F-FDG SUVmax and TLRmax for primary tumor (A), thoracic lymph node metastases (B), and distant
metastases (C). Horizontal line indicates median, hinges indicate first and third quartiles, and whis-
kers indicate lowest and highest within 1.5 times interquartile range of hinge. (D) Scatterplot for
region-based 68Ga-SSO-120 SUVmax/TLRmax vs.

18F-FDG SUVmax/TLRmax. ns 5 not statistically sig-
nificant. *P# 0.05. **P# 0.01. ***P# 0.001. ****P# 0.0001.

TABLE 3
68Ga-SSO-120 Vs. 18F-FDG Uptake (SUVmax/TLRmax)

SUVmax TLRmax

Region Mean P Mean P

Primary tumor

SSO-120 PET 11.7 #0.05 4.8 #0.001

FDG PET 16.4 7.7

Thoracic lymph node metastases

SSO-120 PET 11.1 #0.05 4.8 #0.01

FDG PET 14.3 6.9

Distant metastases

SSO-120 PET 15.2 0.84 6.6 0.40

FDG PET 13.6 6.6

P values are for Mann–Whitney U test.
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benefit from SSTR2-antagonist radionuclide therapy. The first
investigations at our center indicated that the fraction of patients
with high 68Ga-SSO-120 uptake may be comparable between ini-
tial staging and restaging. It will be of particular interest to investi-
gate whether SSTR2 expression remains stable in progressive
disease, because other theranostic targets are frequently lost.
Thus far, to our knowledge, no applications of SSTR2-antagonist

radionuclide therapy in SCLC patients have been described. SSTR
agonists have been evaluated, but the results were not sufficient for
broader clinical applications. For 90Y-DOTATOC, in 6 SCLC
patients no therapy response was observed (31). In a mixed cohort
of 10 SCLC and NSCLC patients who underwent 90Y-DOTA-
lanreotide treatment, a response was described in 1 patient and sta-
ble disease in 5 patients (32). In another study, 90Y-DOTATOC/
DOTATATE was applied to 7 SCLC patients and 177Lu-DOTA-
TOC/DOTATATE was applied to 4 patients, but no treatment
response was observed (11). In an evaluation of 4 SCLC patients
who received 177Lu-DOTATATE, 1 patient had a partial response
and 1 patient had stable disease (10).
At this point, SSTR2 antagonists might be beneficial because

they show increased uptake (in SCLC, an antagonist-to-agonist
binding ratio of 4.5 was described) and prolonged residence times
(12). In NET patients, application of 177Lu-SSO-110 resulted in
up to 10-fold increased tumor doses and favorable tumor-to-organ
dose ratios compared with 177Lu-DOTATATE (15), as well as
promising response rates in a prospective phase I trial (16). How-
ever, an unexpectedly high rate of hematologic toxicity was prob-
lematic but was resolved by treatment with a reduced activity and
by longer intervals between treatment cycles (16). In pretreated

SCLC patients, careful monitoring should be performed, but
SSTR2-antagonist radionuclide therapy can be justified in settings
with exhausted standard-of-care options given the limited
progression-free survival and overall survival of the disease.
Moreover, considering the poor survival of patients with SCLC
after first-line therapy and limited options in second-line therapy,
SSTR2-directed radionuclide therapy might be an option in main-
tenance, such as in combination with immune checkpoint inhibi-
tors (33). A multicenter phase I trial was designed to investigate
177Lu-SSO-110 in SCLC and breast cancer patients but was termi-
nated because of a high number of screening failures
(NCT03773133); however, the only SCLC patient who was
screened (but was excluded because of a brain metastasis) showed
very good uptake in the primary tumor and (brain) metastases on
68Ga-SSO-120 PET. As an alternative to 177Lu-SSO-110, the
SSTR2-antagonist 177Lu-DOTA-LM3 did not induce high-grade
adverse events in NET patients (17). Moreover, 161Tb-labeled
SSTR2 antagonists have the potential to open additional interest-
ing theranostic opportunities due to their emitted low-energy and,
thus, short-ranged b2-particles. In a preclinical study, 161Tb-
DOTA-LM3 showed greater effects on survival of SSTR-positive
rat pancreatic AR42J cancer cells than did 177Lu-DOTA-LM3, in
both cell culture and subcutaneously inoculated cells in a mouse
model (34).
Patient follow-up may also be used to investigate the prognostic

value of 68Ga-SSO-120 PET in primary staging of SCLC patients.
Whereas SSTR expression in SCLC was previously assumed to be
associated with less aggressive tumors and potential for favoring
apoptosis (5), more recent in vitro and in vivo results suggest that in

FIGURE 7. Patient-based comparison of 68Ga-SSO-120 and 18F-FDG uptake. Image examples (maximum-intensity projections) of patient groups
show different patterns of low/high 68Ga-SSO-120/18F-FDG uptake. Low/high uptake was defined using mean SUVmax cutoff of$10. Graphs show dis-
tribution of different patient groups and comparison of mean 68Ga-SSO-120 and mean 18F-FDG SUVmax for every included patient. SUVmax refers to
region-based mean SUVmax (mean from all 68Ga-SSO-120–/18F-FDG–positive regions per patient).
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this tumor entity SSTR may be a protumor survival signal (29).
Consequently, in limited disease, patients with low SSTR expres-
sion showed improved survival (29). However, in a study including
68Ga-DOTATATE PET, neither SUV metrics nor immunohisto-
chemical scores were prognostic (10). This finding contrasts with
18F-FDG PET–derived metabolic tumor volume and total lesion
glycolysis, which were prognostic of overall and progression-free
survival in a recent metaanalysis (35). In this context, it is of interest
that the correlation between 18F-FDG and 68Ga-SSO-120 uptake
was low (Fig. 6D; Supplemental Fig. 1D); therefore, 68Ga-SSO-120
uptake cannot be predicted from 18F-FDG uptake.
The study faces 2 main limitations. First, the timing between 18F-

FDG and 68Ga-SSO-120 PET was heterogeneous, and some patients
underwent treatment initiation between the 2 imaging modalities,
potentially influencing 68Ga-SSO-120 or 18F-FDG uptake in the case
of a hypothetical very early treatment response. However, the inter-
val was short, with a maximum of 14 d between the 2 imaging
modalities, and the CT images did not show major morphologic dif-
ferences between 18F-FDG and 68Ga-SSO-120 PET (stable disease
according to RECIST 1.1). Second, systemic histopathologic valida-
tion was not conducted for all lesions. However, we used a TNM
classification from a clinical tumor board which was based on thora-
coabdominal CT, brain MRI, whole-body PET, and endobronchial
ultrasound-guided transbronchial needle aspiration to meet the high-
est demands of a reference standard in the setting of this retrospective
analysis. Moreover, no direct comparison of the individual lesions on
68Ga-SSO-120 and 18F-FDG PET was performed. In the planning of
the study, we intentionally chose a patient- and region-based analy-
sis, as these parameters are clinically decisive for both primary stag-
ing and evaluation of global 68Ga-SSO-120 uptake. In radionuclide
therapy planning and restaging, however, a lesion-based comparison
will be of additional interest to identify patients with 68Ga-SSO-
120/18F-FDG mismatch, which might not be targeted by SSTR2-
directed radionuclide therapy.

CONCLUSION

68Ga-SSO-120 PET offers high diagnostic value in SCLC
patients, with comparable detection rates and complementary infor-
mation to the gold-standard, 18F-FDG PET. 68Ga-SSO-120 PET
detected a slightly greater number of distant metastases, and 18F-
FDG PET detected a slightly greater number of contralateral tho-
racic lymph node metastases, without any changes in binary VALG
classification. On 68Ga-SSO-120 PET, brain metastases were well
detectable, whereas the discernability of adrenal metastases could
be limited. Consistent tumor uptake in most patients, with high
uptake in 40%, highlights the theranostic potential of SSTR2
antagonists and warrants exploration of SSTR2-directed radionu-
clide therapy.
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KEY POINTS

QUESTION: Is 68Ga-SSO-120 PET a valuable imaging modality
for primary staging of SCLC patients?

PERTINENT FINDINGS: 68Ga-SSO-120 PET/CT images were
evaluated for primary staging of SCLC in 31 patients and were
compared with 18F-FDG PET/CT in 25 patients. Per-patient and
per-region tumor detection was comparable, with more distant
metastases detected on 68Ga-SSO-120 PET and more contralat-
eral thoracic lymph node metastases detected on 18F-FDG PET;
the correlation of 68Ga-SSO-120 and 18F-FDG uptake was low.

IMPLICATIONS FOR PATIENT CARE: 68Ga-SSO-120 PET offers
comparable diagnostic precision and complementary information
in SCLC patients when compared with the gold standard, 18F-FDG
PET. Tumor uptake greater than liver uptake in most patients, and
high uptake in 40% of patients, highlight the theranostic potential
of the SSTR2-antagonist pair 68Ga-SSO-120/177Lu-SSO-110.
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Biochemical Progression in Patients with High-Risk Prostate
Cancer Receiving Neoadjuvant Therapy
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Our previous study found that the prostate-specific membrane anti-
gen (PSMA) PET/CT response of primary prostate cancer (PCa) to
neoadjuvant therapy can predict the pathologic response. This study
was designed to investigate the association between [68Ga]PSMA
PET/CT changes and biochemical progression-free survival (bPFS) in
high-risk patients who underwent neoadjuvant therapy before radical
prostatectomy (RP). Methods: Seventy-five patients with high-risk
PCa in 2 phase II clinical trials who received neoadjuvant therapy
before RP were included. The patients received androgen deprivation
therapy plus docetaxel (n 5 33) or androgen deprivation therapy plus
abiraterone (n 5 42) as neoadjuvant treatment. All patients had serial
[68Ga]PSMA PET/CT scans before and after neoadjuvant therapy.
Age, initial prostate-specific antigen level, nadir prostate-specific anti-
gen level before RP, tumor grade at biopsy, treatment regimen, clinical
T stage, PET imaging features, pathologic N stage, and pathologic
response on final pathology were included for univariate and multivari-
ate Cox regression analyses to identify independent predictors of
bPFS. Results: With a median follow-up of 30mo, 18 patients (24%)
experienced biochemical progression. Multivariate Cox regression
analyses revealed that only SUVmax derived from posttreatment
[68Ga]PSMA PET/CT and pathologic response on final pathology were
independent factors for the prediction of bPFS, with hazard ratios of
1.02 (95% CI, 1.00–1.04; P 5 0.02) and 0.12 (95% CI, 0.02–0.98; P 5

0.048), respectively. Kaplan–Meier analysis revealed that patients with
a favorable [68Ga]PSMA PET/CT response (posttreatment SUVmax

, 8.5) or a favorable pathologic response (pathologic complete
response or minimal residual disease) had a significantly lower rate of
3-y biochemical progression. Conclusion: Our results indicated that
[68Ga]PSMA PET/CT response was an independent risk factor for the
prediction of bPFS in patients with high-risk PCa receiving neoadjuvant
therapy and RP, suggesting [68Ga]PSMA PET/CT to be an ideal tool to
monitor response to neoadjuvant therapy.

Key Words: [68Ga]PSMA PET/CT; prostate cancer; neoadjuvant
therapy; biochemical progression; prediction
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Patients with high-risk prostate cancer (PCa) have a significant
risk of biochemical recurrence and distant metastases after radical
prostatectomy (RP) (1), despite the standard therapies of external-
beam radiation therapy in combination with long-term androgen
deprivation therapy (ADT) and RP plus extended lymph node dis-
section (2). Though neoadjuvant therapy before RP for patients
with high-risk PCa still remains investigational, results from phase
II trials have indicated a favorable pathologic response to neoadju-
vant ADT combined with new-generation androgen receptor path-
way inhibitors (3–8) or docetaxel chemotherapy (9,10).
A favorable pathologic response, defined as a pathologic com-

plete response (pCR) or minimal residual disease (residual tumor
# 0.5 cm), has been widely applied as the primary endpoint to
evaluate the efficacy of neoadjuvant therapy (3,4,6,8). A signifi-
cant correlation between pCR and improved long-term oncologic
outcomes has been verified in breast (11) and bladder cancer (12).
However, whether a favorable pathologic response after neoadju-
vant therapy can translate to better long-term oncologic outcomes,
such as progression-free and metastasis-free survival, remains
unclear in patients with high-risk PCa.
Prostate-specific membrane antigen (PSMA)–based PET is a

promising technique for both initial staging (13) and restaging of
biochemical recurrence (14,15). Recently, accumulative evidence
also indicated that [68Ga]PSMA PET/CT could be applied to mon-
itor response in patients receiving systematic therapies (16–19).
Our previous study demonstrated that [68Ga]PSMA PET/CT per-
formed better than prostate-specific antigen (PSA) in diagnosing a
pathologic response to neoadjuvant ADT plus abiraterone, with
SUVmax being an independent predictive factor for a favorable
pathologic response (19). However, the relationship between
[68Ga]PSMA PET/CT changes and oncologic outcomes in neoad-
juvant settings remains unknown.
To investigate the potential relationship between [68Ga]PSMA

PET/CT response and biochemical progression, this study analyzed
patients with high-risk localized or locally advanced PCa treated
with neoadjuvant therapy and RP who, in 2 clinical trials, had serial
[68Ga]PSMA PET/CT scans before and after neoadjuvant therapy.

MATERIALS AND METHODS

Study Design and Participants
Our center conducted 2 phase II clinical trials (NCT04356430 and

NCT04869371) that were designed to investigate the efficacy of
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neoadjuvant ADT plus docetaxel or abiraterone for patients with high-
risk localized or advanced PCa. Patients who met the following criteria
were included: ADT plus docetaxel or abiraterone as neoadjuvant treat-
ment; serial [68Ga]PSMA PET/CT scans before and after neoadjuvant
therapy; and at least 12 mo of follow-up since randomization, unless
biochemical progression had occurred. The exclusion criterion was any
adjuvant treatment (ADT or radiotherapy) after RP or persistence of
PSA after RP (PSA . 0.2 ng/mL 8 wk after RP). Finally, 75 patients
were included for analysis; the study flowchart is shown in Figure 1.
The study was approved by the Ethics Committee of the Drum Tower
Hospital (2019-214 and 2020-314), and all patients provided written
informed consent. Clinical covariates including initial age, PSA level
during each visit, preoperative clinical T stage, and International Soci-
ety of Urological Pathology grade at biopsy were documented.

Treatment Intervention
Patients received 2 different therapies: ADT plus docetaxel or ADT

plus abiraterone according to previously published protocols (3,9).
Briefly, ADT was applied by a luteinizing hormone–releasing hor-
mone analog every 12 wk. The ADT-plus-docetaxel group was addi-
tionally administered docetaxel, 75 mg/m2 of body surface area, every
3 wk for 6 cycles plus 5 mg of prednisone acetate twice a day. The
ADT-plus-abiraterone group took an additional 1,000 mg of abirater-
one acetate and 5 mg of prednisone acetate orally once a day. After 6
mo of neoadjuvant therapy, the participants underwent robot-assisted
RP and extended lymph node dissection. The median interval between
the first PET/CT scan and the initiation of neoadjuvant therapy was 8
d (interquartile range [IQR], 6–12 d), the median interval between the
initiation of neoadjuvant therapy and the second PET/CT scan was
165 d (IQR, 157–179 d), and the median interval from the second
PET/CT scan to surgery was 9 d (IQR, 4–11 d).

Follow-up and Outcomes
PSA and testosterone levels were assessed every 4 wk during

neoadjuvant treatment, 2 d before RP, and every 4 wk after RP. Bio-
chemical progression was defined as a postoperative serum PSA level
greater than 0.2 ng/mL on 2 separate occasions at minimally 2-wk
intervals (20). Biochemical progression-free survival (bPFS) was
defined as the time from randomization to biochemical progression
or death.

PET/CT Imaging Acquisition and Evaluation
[68Ga]PSMA-11 PET/CT scanning was performed 1 h after intrave-

nous injection of [68Ga]PSMA-11. With a uMI 780 PET/CT scanner
(United Imaging Healthcare), a CT scan (130 keV, 80 mAs) and a static
emission scan were performed from the vertex to the proximal legs, cor-
rected for dead time, scatter, and decay (19). [68Ga]PSMA-ligand
PET/CT images were reviewed by 2 nuclear medicine physicians with
over 10 y of reading experience in the interpretation of PSMA-targeted
PET. Lesions were delineated by higher uptake than background by a
RadiAnt DICOM viewer (version 2022.1.1; Medixant). The PSMA
intensity of the lesions was measured as the SUVmax in the delineated
area. For patients with multiple lesions, the one with the highest SUVmax

was recognized as the index tumor and recorded. For patients with no
obvious PSMA uptake after neoadjuvant therapy, SUVmax was deter-
mined at the location of the same tumor as found on the first scan, by
comparing the anatomic position through other tissues such as bladder or
bone and excluding respective normal organs that demonstrate high
uptake as part of normal biodistribution, including the bladder. Twelve
patients did not have any obvious uptake on follow-up scans, with a
median SUVmax of 3.06 (IQR, 2.23–3.37). The median time frame
between 2 subsequent scans was 179 d (IQR, 169–188 d). The change in
SUVmax between the 2 scans was defined as the SUVmax decline percent-
age, which was calculated by pretreatment SUVmax2posttreatment SUVmax

pretreatment SUVmax
3100%.

Whole-Mount Histologic Imaging and Pathologic Response
After robot-assisted RP, a whole-mount histologic sample was fixed

and stained as previously described (19,21). To obtain the final pathologic
result, all whole-mount histology slides were subsequently digitalized by a
scanning system (NanoZoomer Digital Pathology) and interpreted by 2
dedicated genitourinary pathologists masked to clinical information. Resid-
ual tumors in the posttreatment surgical resection specimen were deter-
mined from the bidimensional diameters of the primary tumor bed as
previously described (22). A favorable pathologic response was defined as
pCR or as minimal residual disease whose largest cross-sectional dimen-
sion was less than 5 mm (22). Pathologic T stage, lymph node metastasis,
and a positive margin were also recorded.

Statistical Analysis
Continuous nonnormally distributed variables were reported by median

and IQRs. Univariable and multivariable Cox regression was applied to
identify factors associated with clinical outcomes. The cutoff for the post-
treatment SUVmax of the index tumor for prediction of bPFS was deter-

mined by X-tile plotting (23). Kaplan–Meier
analysis was used to test the ability of selected
variables to determine the survival probability,
and the log-rank test was used to compare dif-
ferences among groups. A significance level of
5% was applied. All analyses were conducted
by SPSS software (version 22.0; IBM Corp.)

RESULTS

Patient Characteristics
The clinical and pathologic variables of the

75 patients are shown in Table 1. The median
age was 70y (IQR, 65–73y). The initial PSA
level before biopsy was 40.10ng/mL (IQR,
19.24–80.02ng/mL), followed by a nadir
PSA of 0.04ng/mL (IQR, 0.01–0.12ng/mL)
before RP. Thirty-three patients (44%)
received ADT plus docetaxel, and 42 (56%)
received ADT plus abiraterone. According to
final pathology, 22 patients (29.3%) showed
lymph node metastases and 15 patients

Included (n = 42) Included (n = 33)

Study included (n = 75)

Patients who received neoadjuvant therapy from two
randomized controlled phase II clinical trials

NCT04356430
ADT+Abiraterone (n = 50)

NCT04869371
ADT+Docetaxel (n = 50)

10 receive adjuvant treatment
(ADT or radiotherapy) after

RP excluded

7 PSA persistence after RP
excluded

5 receive adjuvant treatment
(ADT or radiotherapy) after

RP excluded

3 PSA persistence after RP
excluded

FIGURE 1. Study flowchart with excluded patients and reason for exclusion.
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(20.0%) had a positive surgical margin. Notably, 25 patients (33.3%)
achieved a favorable pathologic response (pCR or minimal residual
disease) on the final pathology. Most index tumor lesions underwent
a significant decline in [68Ga]PSMA-11 intensity, from a median pre-
treatment SUVmax of 18.9 (IQR, 12.45–27.6) to a median posttreat-
ment SUVmax of 5.61 (IQR, 4.51–7.91). The median follow-up for
all participants was 30mo (IQR, 20.0–41.5mo). Eighteen patients
(24%) experienced biochemical progression at a median follow-up
of 30mo since randomization.

Univariate and Multivariate Cox Regression Analyses of
Clinical and PET Imaging Parameters for Prediction of bPFS
Among all incorporated variables, clinical staging of T3b,

pretreatment SUVmax, posttreatment SUVmax, SUVmax decline

percentage, and a favorable pathologic response on final pathology
were significantly associated with bPFS according to Cox
proportional-hazards regression (Table 2), with hazard ratios of 4.68
(95% CI, 1.04–21.02; P 5 0.04), 1.02 (95% CI, 1.00–1.05; P 5
0.02), 1.04 (95% CI, 1.02–1.06; P5 0.00), 1.00 (95% CI, 0.99–1.00;
P5 0.05), and 0.10 (95% CI, 0.01–0.65; P5 0.02), respectively.
To avoid the possible dependence of different PET-based vari-

ables, we made the multivariate model of pathologic response
with each SUV-based variable separately (Table 3). We found that
only posttreatment SUVmax and a favorable pathologic response
on final pathology were independent variables for the prediction of
bPFS, with hazard ratios of 1.02 (95% CI, 1.00–1.04; P 5 0.02)
and 0.12 (95% CI, 0.02–0.98; P 5 0.048), respectively (model 2).
However, when posttreatment SUVmax was not included in the
model, only a favorable pathologic response on final pathology
was an independent variable for the prediction of bPFS, with haz-
ard ratios of 0.11 (95% CI, 0.01–0.89; P 5 0.04) in model 1 and
0.10 (95% CI, 0.01–0.80; P 5 0.03) in model 3.

Predictive Value of PET Imaging Parameters and Pathologic
Response for bPFS
With a cutoff of 8.5, Kaplan–Meier analysis revealed a significant

difference in bPFS between patients with a posttreatment SUVmax of
more than 8.5 and of less than 8.5, with a 36-mo biochemical
progression-free rate of 29.4% (IQR, 7.6%–51.2%) and 97.6% (IQR,
92.6%–100%), respectively (log-rank P , 0.001) (Fig. 2A). Patients
with and without a favorable pathologic response also had a signifi-
cant difference in bPFS (P 5 0.002), with a 36-mo biochemical
recurrence-free rate of 100% (IQR, 100%–100%) and 55.2% (IQR,
35.0%–75.4%), respectively (Fig. 2B). Two representative cases,
with and without biochemical progression, are shown in Supplemen-
tal Figures 1 and 2, respectively (supplemental materials are available
at http://jnm.snmjournals.org). The patient who experienced bio-
chemical progression had a higher posttreatment SUVmax and an
unfavorable pathologic response.

DISCUSSION

This study was designed to investigate the relationship between
response on [68Ga]PSMA PET/CT and bPFS in patients with
high-risk localized or locally advanced PCa who received neoadju-
vant therapy and RP. Our results indicated that [68Ga]PSMA
PET/CT–derived SUVmax after neoadjuvant therapy was an inde-
pendent risk factor for the prediction of bPFS. Patients with favor-
able responses on [68Ga]PSMA PET/CT after neoadjuvant therapy
(SUVmax , 8.5) had better bPFS than those with unfavorable
responses. This is the first study, to our knowledge, to suggest that
response on [68Ga]PSMA PET/CT could be applied as an ideal
tool to predict the oncologic outcomes of PCa patients receiving
neoadjuvant therapy.
The pathologic response was set as the primary endpoint in sev-

eral phase II clinical trials designed to investigate the efficacy and
safety of neoadjuvant ADT in combination with androgen receptor
pathway inhibitors for high-risk localized PCa. In addition, pCR
was set as the coprimary endpoint in the ongoing phase III clinical
trial, which was designed to determine whether treatment with apa-
lutamide plus ADT before and after RP in patients with high-risk
localized or locally advanced PCa (NCT03767244, PROTEUS
trial) can bring benefit to those patients. In breast cancer and blad-
der cancer, the pathologic response has been well indicated to cor-
relate significantly with improved long-term oncologic outcomes
(11,12). Moreover, residual breast cancer burden after neoadjuvant

TABLE 1
Pre- and Postoperative Characteristics of 75 High-Risk PCa
Patients with [68Ga]PSMA PET/CT Scanning Before and

After Neoadjuvant Treatment

Characteristic Value

Age (y) 70 (65–73)

Initial PSA (ng/mL) 40.10 (19.24–80.02)

Nadir PSA before RP (ng/mL) 0.04 (0.01–0.12)

Neoadjuvant treatment

ADT 1 chemotherapy 33 (44)

ADT 1 abiraterone 42 (56)

ISUP grade at biopsy

2 3 (4)

3 13 (17.3)

4 39 (52.0)

5 20 (26.7)

Initial clinical T stage

T2 23 (30.7)

T3a 11 (14.7)

T3b 41 (54.7)

Postoperative characteristics

Pathologic T stage

T2 38 (50.6)

T3a 13 (17.3)

T3b 24 (32.0)

Pathologic N stage

N0 53 (70.7)

N1 22 (29.3)

Positive margin

Positive 15 (20.0)

Negative 60 (80.0)

pCR or MRD

No 50 (66.7)

Yes 25 (33.3)

ISUP 5 International Society of Urological Pathology; MRD 5

minimal residual disease.
Qualitative data are number and percentage; continuous data

are median and IQR.
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therapy has been shown capable of predicting oncologic outcomes
after neoadjuvant chemotherapy (22). Therefore, the pathologic
response was set as the primary endpoint to evaluate the efficacy of
neoadjuvant therapies in these cancers (24–27). However, the posi-
tive association between a favorable pathologic response and better
long-term oncologic outcomes, such as bPFS and metastasis-free sur-
vival, remains unclear (28). In a pooled analysis, a favorable patho-
logic response after neoadjuvant therapy was demonstrated to be
significantly associated with a better 3-y biochemical recurrence-free
survival (4,5). In our study, a favorable pathologic response, defined
as pCR or minimal residual disease, was found to be significantly
associated with a lower rate of biochemical progression in a median
follow-up of 30mo, a finding that was consistent with previously pub-
lished data (4).

Significant heterogeneity was found in pathologic response
after neoadjuvant therapy, with a favorable pathologic response
rate of 15.7%–62% in the previously published studies (3–6,19).
Though some preliminary results suggested pathologic response as
a surrogate endpoint to evaluate the efficacy of neoadjuvant ther-
apy, efficacy could be revealed only after RP. A noninvasive bio-
marker to monitor response during or after neoadjuvant therapy is
urgently needed to adopt novel treatment approaches and identify
candidates for the subsequent RP.
PSMA PET/CT is currently recommended by guidelines for ini-

tial staging and restaging because of its high sensitivity and speci-
ficity (13–15). Patterns of change in PSMA PET/CT have been
well indicated to be significantly associated with response in
patients with metastatic hormone-sensitive or castration-resistant

TABLE 2
Univariate Cox Regression Analyses for Risk of Biochemical Progression

Variable HR P

Age (y) 0.99 (0.92–1.05) 0.68

Initial PSA 1.00 (0.99–1.01) 0.90

Nadir PSA before RP 1.32 (0.98–1.77) 0.07

ISUP grade at biopsy 1.27 (0.65–2.47) 0.48

Treatment intervention (ADT 1 abiraterone vs. ADT 1 docetaxel) 0.98 (0.31–3.10) 0.98

Initial clinical T stage

T2 0.03*

T3a 0.62 (0.06–6.86) 0.69

T3b 4.68 (1.04–21.02) 0.04*

SUVmax before treatment 1.02 (1.00–1.05) 0.02*

SUVmax after treatment 1.04 (1.02–1.06) 0.00*

SUVmax decline percentage 1.00 (0.99–1.00) 0.05*

Pathologic N stage (pN1 vs. pN0) 1.44 (0.50–4.18) 0.50

pCR or minimal residual disease (yes vs. no) 0.10 (0.01–0.65) 0.02*

ISUP 5 International Society of Urological Pathology.
Data in parentheses are 95% CIs.

TABLE 3
Multivariate Cox Regression Analyses for Risk of Biochemical Progression with SUV-Based Variable

Variable

Model 1 Model 2 Model 3

HR P HR P HR P

Initial clinical T stage

T2 0.09 0.15 0.08

T3a 0.42 (0.04–4.78) 0.48 0.38 (0.03–4.35) 0.43 0.39 (0.03–4.54) 0.46

T3b 2.98 (0.66–13.51) 0.16 2.39 (0.0–11.28) 0.27 2.95 (0.65–13.48) 0.16

SUVmax before treatment 1.01 (0.99–1.04) 0.35 — —

SUVmax after treatment — — 1.02 (1.00–1.04) 0.02* —

SUVmax decline percentage — — — — 1.00 (1.00–1.00) 0.46

pCR or MRD (yes vs. no) 0.11 (0.01–0.89) 0.04* 0.12 (0.02–0.98) 0.048* 0.10 (0.01–0.80) 0.03*

*Statistically significant value.
HR 5 hazard ratio; MRD 5 minimal residual disease
Data in parentheses are 95% CIs.
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PCa to docetaxel chemotherapy or new-generation androgen
receptor pathway inhibitors (29–33). Unlike pathologic response,
which could be revealed only after RP, [68Ga]PSMA PET/CT, as
a noninvasive and repeatable imaging tool, could provide predic-
tive information during or after neoadjuvant therapy, suggesting
[68Ga]PSMA PET/CT to be an ideal biomarker to monitor treat-
ment response. In fact, we previously reported the utility of
[68Ga]PSMA PET/CT in the prediction of pathologic response in
patients with high-risk localized or locally advanced PCa receiving
neoadjuvant ADT plus abiraterone for 6mo (19). With a median
follow-up of 30mo, the present study revealed that PSMA uptake
on PET/CT after neoadjuvant treatment was an independent risk
factor to predict bPFS. In addition, patients with a better response
on [68Ga]PSMA PET/CT after neoadjuvant therapy (SUVmax

, 8.5) had a significantly lower rate of biochemical progression
than those with poor responses. Our results further verified the
positive association between the response of [68Ga]PSMA PET/
CT and response in high-risk patients receiving neoadjuvant thera-
pies. Of interest, SUV decline was not an independent risk factor
for the prediction of bPFS in the multivariate analysis, though it
was associated with biochemical progression in univariate analy-
sis. Apparently, posttreatment SUVmax could better reflect residual
tumor burden, which has been demonstrated to be significantly
associated with longer oncologic outcomes (19).
The inherent limitation of this study is the limited sample size

because of the relatively strict inclusion criteria. However, with
patients pooled from 2 prospective cohorts, basic characteristics
and treatment procedures were well balanced and standardized
despite the retrospective design. Another limitation is the relatively
short follow-up time, allowing us to apply only bPFS as the clinical
outcome and not longer oncologic outcomes such as metastasis-free
survival or castration-resistant PCa–free survival. A larger prospec-
tive study with longer follow-up is needed for further validation. In
addition, we included only [68Ga]PSMA PET/CT–derived SUV in
the Cox regression analysis. The role of [68Ga]PSMA PET/CT–
derived radiomics in predicting bPFS needs to be further investi-
gated. However, to our knowledge, our study is the first to reveal the
role of [68Ga]PSMA PET/CT response in the prediction of oncologic
outcomes in high-risk patients receiving neoadjuvant therapy.

CONCLUSION

Our study indicated the predictive role of
PSMA PET for patients with high-risk local-
ized or locally advanced PCa receiving
neoadjuvant therapies. Patients with better
responses on [68Ga]PSMA PET/CT after
neoadjuvant therapies had significantly longer
bPFS than did those with poor responses.
Combined with our previous results indicat-
ing the association between [68Ga]PSMA
PET/CT changes and pathologic response,
our studies suggest that [68Ga]PSMA PET/
CT is an ideal tool to monitor the response of
primary PCa to neoadjuvant therapies and
that patients with a higher posttreatment
SUVmax (.8.5) could get limited benefits
from neoadjuvant therapy after RP. Radio-
therapy might be a better option for these
patients. In addition, posttreatment SUVmax

could be considered an idea biomarker for
adjustment of neoadjuvant therapy regimens.
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KEY POINTS

QUESTION: Could response on [68Ga]PSMA PET/CT be a
surrogate endpoint for patients with high-risk localized PCa
receiving neoadjuvant therapy?

PERTINENT FINDINGS: In this pooled cohort of 75 patients from
2 clinical trials evaluating the efficacy of neoadjuvant treatment in
high-risk PCa, we found that SUVmax derived from posttreatment
[68Ga]PSMA PET/CT and pathologic response on final pathology
were independent factors for the prediction of bPFS.

IMPLICATIONS FOR PATIENT CARE: [68Ga]PSMA PET/CT is an
ideal tool to monitor response to neoadjuvant therapy.
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68Ga-PSMA PET/CT for Response Evaluation of 223Ra
Treatment in Metastatic Prostate Cancer
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CT and bone scintigraphy are not useful for response evaluation of
bone metastases to 223Ra treatment in metastatic castration-resistant
prostate cancer (mCRPC). PET using 68Ga prostate-specific mem-
brane antigen 11 (68Ga-PSMA) is a promising tool for response evalu-
ation of mCRPC. The aim of this study was to determine the utility of
68Ga-PSMA PET/CT for response evaluation of 223Ra treatment in
patients with mCRPC. Methods: Within this prospective, multicenter,
imaging discovery study, 28 patients with mCRPC, eligible for 223Ra
treatment, were included between 2019 and 2022. Patients received
223Ra according to the standard of care. Study procedures included
CT, bone scintigraphy, and 68Ga-PSMA PET/CT at baseline, after 3
and 6 cycles of 223Ra treatment, and on treatment failure. Response
to 223Ra treatment was visually assessed on all 3 imaging modalities.
Total tumor volume within bone (TTVbone) was determined on 68Ga-
PSMA PET/CT. Intrapatient heterogeneity in response was studied
using a newly developed image-registration tool for sequential images
of PET/CT. Results were compared with failure-free survival (good
responders vs. poor responders; cutoff, 24 wk) and alkaline phospha-
tase (ALP) response after 3 cycles. Results: Visual response assess-
ment criteria could not distinguish good responders from poor
responders on 68Ga-PSMA PET/CT and bone scintigraphy. For 68Ga-
PSMA PET/CT, TTVbone at baseline was lower in good responders
than in poor responders, whereas TTVbone increased in both groups
during treatment. TTVbone was higher in patients with new extraoss-
eous metastases during 223Ra treatment. Although TTVbone and ALP
correlated at baseline, changes in TTVbone and ALP on treatment did
not. 68Ga-PSMA response of TTVbone showed intrapatient heteroge-
neity in most patients. Conclusion: mCRPC patients with lower
TTVbone on

68Ga-PSMA PET/CT have the best clinical outcome after
223Ra treatment. Response is highly heterogeneous in most patients.
A decrease in ALP, which occurred in most patients, was not corre-
lated with a decrease in TTVbone, which might make one question the
value of ALP for disease monitoring during 223Ra treatment in clinical
practice.

Key Words: 68Ga-PSMA PET/CT; prostate cancer; 223Ra; response
evaluation
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Because bone metastases, which occur in up to 90% of patients
with metastatic prostate cancer, are associated with severe pain and
pathologic fractures, effective treatment is needed (1,2). However,
the value of diagnostic CT (dCT) and bone scintigraphy is ham-
pered for early response evaluation of bone metastases. On dCT,
bone metastases of prostate cancer, which are often osteoblastic,
cannot be distinguished from osteosclerosis (3,4). In addition, bone
scintigraphy has a low specificity and is prone to flare phenomena.
Therefore, confirmation of progressive bone metastases is required
on a second bone scintigraphy after the start of treatment according
to the Prostate Cancer Working Group 3 criteria (5–7).
PET using 68Ga prostate-specific membrane antigen 11 (68Ga-

PSMA) is a useful imaging modality for diagnosis, staging, and
response evaluation of prostate cancer (8–11). Correlations between
68Ga-PSMA uptake, prostate-specific antigen, and patient survival
have been reported for patients with metastatic castration-resistant
prostate cancer (mCRPC) (12–18). In comparison with conven-
tional imaging, at least one advantage of 68Ga-PSMA PET/CT is
image acquisition by a single machine.

223Ra, an a-emitting radionuclide, is indicated for treatment of
patients with mCRPC and bone metastases without visceral metas-
tases (19,20). However, besides the limited value of dCT and bone
scintigraphy for early response evaluation of bone metastases,
blood-based biomarkers, including prostate-specific antigen, can-
not predict a response to 223Ra. Serum alkaline phosphatase (ALP)
is the best biomarker to date but correlates only moderately with
patient overall survival after 223Ra treatment (6,21). Therefore,
new tools are needed to evaluate bone metastases and to guide
clinical decision-making on continuation of 223Ra treatment.
In this prospective imaging and biomarker discovery study, we

investigated the use of 68Ga-PSMA PET/CT for response evalua-
tion after 223Ra treatment in patients with mCRPC. Images of
68Ga-PSMA PET/CT were compared with images of conventional
modalities, and changes in total tumor volume during 223Ra treat-
ment were analyzed. In addition, we developed a widely applica-
ble image-registration tool to merge sequential PET/CT images
and to quantify intrapatient heterogeneity of 68Ga-PSMA uptake
to measure the response in bone metastases.

MATERIALS AND METHODS

Study Design
This multicenter study (Radium223Insight, Dutch Trial Register

NL7380) included patients at the Erasmus Medical Center Cancer
Institute, Franciscus Gasthuis and Vlietland Hospital, and Radboud
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University Medical Center, The Netherlands. The study was approved
by the institutional review boards (MEC 18-1562). Patients received 6
consecutive injections with 223Ra at an interval of 4 wk. In the case of
progression of disease, based on the Prostate Cancer Working Group 3
criteria, or severe toxicity, treatment was discontinued. Study proce-
dures consisted of blood draws, tumor tissue biopsies, and imaging,
including sequential 68Ga-PSMA PET/CTs, dCT of the thorax and
abdomen, and bone scintigraphy (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). All patients pro-
vided written informed consent before the start of the study procedures.

Patients
Patients with mCRPC and predominantly bone metastases were eligi-

ble if they had progressive disease, received at least 2 prior treatment
lines (unless the patient was not able or willing to receive other treat-
ments), and had not received prior chemotherapy other than docetaxel.
Detailed inclusion and exclusion criteria are described in the supplemen-
tal materials. Because of the explorative nature of the study, the sample
size was arbitrarily set at 30 patients. However, because of delayed inclu-
sion due to the coronavirus disease 2019 pandemic, the decision was
made to close the trial for further accrual after the inclusion of 28 patients
with completed follow-up between February 2019 and January 2022.

Study Endpoints
The primary endpoint was failure-free survival (FFS), defined as the

time from the start of 223Ra treatment to the next line of treatment, best
supportive care, or death. The next treatment
or best supportive care was started on clinical,
biochemical, or radiologic signs of progressive
disease, according to the Prostate Cancer
Working Group 3 criteria (7). A composite
endpoint was chosen because a reliable param-
eter of disease response and progression during
223Ra treatment is lacking. To avoid bias in
treatment decisions, treating physicians were
unaware of the results of 68Ga-PSMA
PET/CT, except for the baseline scan. Detec-
tion of visceral metastases or other significant
findings was reported by the nuclear medicine
physician to the treating physician.

Here, we report on the primary endpoint and
parameters based on sequential 68Ga-PSMA
PET/CT, dCT, and bone scintigraphy and lon-
gitudinal measurements of serum ALP (Supple-
mental Fig. 1). Other endpoints and parameters
will be reported in later publications.

Image Acquisition
68Ga-PSMA PET/CT, dCT, and bone scin-

tigraphy were performed at baseline, after 3
cycles of 223Ra treatment, at the end of the
treatment (after 6 cycles of 223Ra treatment),
and at treatment failure (Supplemental Fig. 1).
Details on image acquisition are described in
the supplemental materials (22).

Image Analyses
Longitudinal 68Ga-PSMA PET/CT, dCT of

the thorax and abdomen, and bone scintigra-
phy images were visually assessed. In addi-
tion, semiautomatic assessment of total tumor
volume within bone (TTVbone) and analyses
of heterogeneity in response were performed
for 68Ga-PSMA PET/CT. The 3 imaging
modalities were mutually compared and

correlated with FFS and ALP response. Details are described in the
supplemental materials (4,7,23).
Visual Response Evaluation. 68Ga-PSMA PET/CT images were

examined by nuclear medicine physicians according to adapted PER-
CIST (24,25). The dCT and bone scintigraphy were assessed accord-
ing to RECIST version 1.1 and the 2 1 2 rule, respectively (4,7).
Semiautomatic Assessment of TTVbone. TTVbone on

68Ga-PSMA
PET images was semiautomatically measured using a PERCIST-based
lesion selection tool (Hermes Hybrid3D 3.0.1). In addition to assessing
FFS and ALP response, we compared patients with and without new
extraosseous metastases during treatment.
Analyses of Heterogeneity in Response. An image-registration

tool was developed to merge 2 sequential PET/CT images. The differ-
ence in 68Ga-PSMA uptake between baseline and follow-up was cal-
culated per voxel for all previously selected tumor lesions using
TTVbone. All voxels within the merged tumor mask of an individual
patient were categorized on the basis of changes in 68Ga-PSMA
uptake over time, and the intrapatient distribution of the categories
was explored.

Statistical Analyses
Patients were categorized as good or poor responders using a cutoff at

24 wk of FFS, which is similar to the period of 6 cycles of 4 weekly injec-
tions with 223Ra. Baseline characteristics, clinical outcomes, and parameters
of 68Ga-PSMA were described as mean 6 SD, median and interquartile

FIGURE 1. Flowchart of patient inclusion: description of patient inclusion, evaluable scans, and
performed analyses. 68Ga-PSMA PET/CT, dCT, and bone scintigraphy were visually assessed
according to adapted PERCIST, RECIST version 1.1, and 21 2 rule as described in Prostate Cancer
Working Group 3 criteria, respectively.
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range (IQR), or number of events and percentage. Depending on the format
and normality distribution of the data, the appropriate statistical tests were
used. Applied statistical tests are described in the figure legends. All
P values were 2-sided, and a P value of 0.05 or less was considered to be
significant. No corrections for multiple testing were performed.

RESULTS

Patient Characteristics and Clinical Outcomes
Of the 28 included patients, 27 patients were evaluable (Fig. 1). On

the basis of FFS, patients were categorized as good (n 5 13) or poor
responders (n 5 12). Two patients, who discontinued treatment
because of hematologic adverse events, were not included in the
responder assessments. No significant differences between good and
poor responders were found in baseline clinical characteristics. Serum
lactate dehydrogenase at baseline was significantly higher in poor
responders than in good responders (262U/L [IQR, 229–330U/L] vs.
201U/L [IQR, 186–231U/L]; P 5 0.001), whereas serum prostate-
specific antigen and ALP were not different (Supplemental Table 1).
Median FFS was 25.9 wk (IQR, 25.0–35.1 wk) and 11.7 wk (IQR,

10.0–17.3 wk) for good and poor responders, respectively (P ,
0.001). Four of 13 (31%) good responders developed extraosseous
disease during treatment, whereas this occurred in 8 of 12 (67%) poor
responders (P 5 0.068). Good responders had a longer median over-
all survival than poor responders (91.0 wk [IQR, 67.1–102.3 wk]
vs. 27.0 wk [IQR, 16.4–48.0 wk], P 5 0.004). Dynamics in
prostate-specific antigen and ALP were not different between the 2
groups (Table 1).

Visual Response Evaluation of 68Ga-PSMA PET/CT, dCT, and
Bone Scintigraphy
All scans were visually assessed (Fig. 1; Supplemental Table 2).

Of the 21 patients who underwent all 3 imaging modalities,

17 (81%) and 4 (19%) patients had progressive disease and stable
disease on 68Ga-PSMA PET/CT (PERCIST) (24), respectively,
whereas the combination of dCT (RECIST version 1.1) (4) and bone
scintigraphy (21 2 rule) (7) resulted in progressive disease, nonpro-
gressive disease, and nonevaluable disease in 2 (10%), 10 (48%),
and 9 (43%) of 21 patients after 3 cycles of 223Ra treatment, respec-
tively. Two patients with progressive disease on conventional imag-
ing also had progressive disease on 68Ga-PSMA PET/CT, whereas
15 patients with progressive disease on 68Ga-PSMA PET/CT had
nonprogressive disease or were not evaluable on conventional imag-
ing (Fig. 2). At the end of treatment and at treatment failure, all
patients had progressive disease on 68Ga-PSMA PET/CT, whereas
15% and 43% of patients, respectively, also had progressive disease
on conventional imaging (Supplemental Fig. 2).
For those patients who discontinued treatment because of pro-

gressive disease and underwent all 3 imaging modalities (n 5 20),
FFS was compared between the response categories after 3 cycles
of 223Ra treatment of each imaging modality. For 68Ga-PSMA
PET/CT, the median FFS for patients with progressive disease and
stable disease was 23 wk (IQR, 17–26 wk; n 5 17) and 35 wk
(IQR, 25–43 wk; n 5 3), respectively (P 5 0.362). For dCT, the
median FFS was higher in patients with nonevaluable disease
than in patients with progressive disease (25 wk [IQR, 20–27 wk;
n 5 16] vs. 11 wk [IQR, 11–17 wk; n 5 2]; P 5 0.001), whereas
FFS was comparable in patients with stable disease (19 wk [IQR,
19–25 wk; n 5 2]; P 5 0.090). For bone scintigraphy, the median
FFS was comparable for at least 2 or more new lesions and fewer
than 2 new lesions (23 wk [IQR, 16–27 wk; n 5 9] vs. 25 wk [IQR,
20–35 wk; n 5 11]; P 5 0.396; Fig. 3A). The median change in
ALP after 3 cycles of 223Ra treatment was not different between the
response categories for any of the 3 imaging modalities (Fig. 3B).

TABLE 1
Clinical Outcomes of Included Patients

Clinical outcome Good responder (n 5 13) Poor responder (n 5 12) P

Number of 223Ra injections NA

1–3 0 (0%) 7 (58%)

4–5 0 (0%) 5 (42%)

6 13 (100%) 0 (0%)

FFS (wk) 25.9 (25.0–35.1) 11.7 (10.0–17.3) ,0.001*

Reason for treatment failure 0.068†

Progression of bone disease 9 (69%) 3 (25%)

Development of extraosseous metastases,
with/without progression of bone disease

4 (31%) 8 (67%)

Unspecified progression of disease 0 (0%) 1 (8%)

Overall survival (wk) 91.0 (67.1–102.3) 27.0 (16.4–48.0) 0.004*

ALP response 8 (62%) 5 (42%) 0.434†

PSA response 0 (0%) 2 (17%) 0.220†

Time to ALP progression (wk) 39.9 (28.7–NR) NA NA

Time to PSA progression (wk) 15.0 (14.7–15.0) 16.0 (13.9–NA) 0.114*

*Log-rank test.
†x2 test.
NA 5 not applicable; PSA 5 prostate-specific antigen; NR 5 not reached.
Two patients discontinued treatment because of toxicity and were not included in table. Qualitative data are number and percentage;

continuous data are median and IQR. ALP and prostate-specific antigen response was defined as #–30% change from baseline.
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Semiautomatic Assessment of TTVbone on 68Ga-PSMA PET/CT
At baseline and after 3 cycles of 223Ra treatment, the good respond-

ers had lower median TTVbone than the poor responders: 90 cm3

(IQR, 48–385 cm3; n 5 13) versus 372 cm3 (IQR, 227–2,664 cm3;
n 5 12) (P 5 0.0208) and 161 cm3 (IQR, 84–515 cm3; n 5 13)
versus 926 cm3 (IQR, 405–2,941 cm3; n 5 9) (P 5 0.0384), respec-
tively (Fig. 4A; Supplemental Fig. 3A). For good and poor respon-
ders, the median absolute change in TTVbone after 3 cycles of 223Ra
treatment was 156 cm3 (IQR, 12–237 cm3; n 5 13) and 1348 cm3

(IQR, 245 to 1817 cm3; n 5 9) (P 5 0.3853), whereas the median
relative changes were 161% (IQR, 17% to 1107%; n 5 13) and
177% (IQR, 212% to 193%; n 5 9) (P 5 0.8938), respectively
(Fig. 4B; Supplemental Fig. 3B). Three poor responders did not
undergo 68Ga-PSMA PET/CT after 3 cycles of 223Ra treatment
because of earlier treatment failure (n 5 2) and patient withdrawal
(n 5 1). TTVbone at other time points is shown in Supplemental
Figures 3A–3F.
At the time of treatment failure, TTVbone was higher in patients

with extraosseous disease than in patients without extraosseous
disease during treatment with 223Ra (median, 1,835 cm3 [IQR,
466–2,948 cm3; n 5 7] vs. 308 cm3 [IQR, 150–697 cm3; n 5 9];
P 5 0.0115; Supplemental Fig. 3H). This association was also
seen at baseline (median TTVbone, 311 cm3 [IQR, 167–2,572 cm3;
n 5 12] vs. 151 cm3 [IQR, 59–380 cm3; n 5 12]; P 5 0.1206)
and after 3 cycles of 223Ra treatment (median TTVbone, 926 cm3

[IQR, 182–2,823 cm3; n 5 9] vs. 159 cm3 [IQR, 72–624 cm3;
n 5 12]; P 5 0.0302; Fig. 4C; Supplemental Figs. 3G and 3H).

TTVbone and ALP were positively correlated at baseline and
after 3 cycles, with Spearman correlation coefficients of 0.5413
(n 5 27; P 5 0.0035) and 0.6500 (n 5 23; P 5 0.0008), respec-
tively (Supplemental Figs. 3I and 3J). Nevertheless, after 3 cycles
of 223Ra treatment, most patients showed a decrease in ALP,
whereas TTVbone increased, resulting in a Spearman correlation
coefficient of 0.1739 (n 5 23; P 5 0.4274; Fig. 4D).

Heterogeneity on 68Ga-PSMA PET/CT in Response to
223Ra Treatment
During visual response evaluation, mixed responses in individ-

ual patients were observed. Therefore, we developed an image-
registration tool that merges 2 sequential images of 68Ga-PSMA
PET/CT to visualize and quantify heterogeneity in response over
time (Fig. 5; Supplemental Figs. 4 and 5; Supplemental Video 1).
After 3 cycles of 223Ra treatment, 68Ga-PSMA uptake decreased,

stabilized, and increased with a median of 32% (IQR, 18%–40%),
21% (IQR, 12%–26%), and 53% (IQR, 29%–65%), respectively, of
TTVbone (n 5 21; Fig. 6; Supplemental Fig. 4A). A higher fraction
of decreased 68Ga-PSMA uptake was correlated with a higher
decrease in TTVbone after 3 cycles of 223Ra treatment (Spearman

FIGURE 3. Visual response evaluation after 3 cycles of 223Ra treatment
in relation to FFS and ALP response. (A) FFS in response evaluation cate-
gories of 3 imaging modalities. All patients who underwent all 3 imaging
modalities and discontinued treatment because of progression of disease
(and not because of toxicity) were included (n 5 20). FFS was compared
between response categories within each imaging modality using log-rank
test. (B) ALP response after 3 cycles of 223Ra treatment (n5 20) was com-
pared between response categories within each imaging modality using
Kruskal–Wallis test. PD 5 progressive disease; SD 5 stable disease;
NE5 nonevaluable disease; PET5 68Ga-PSMA PET/CT; BS5 bone scan.

FIGURE 2. Visual response evaluation after 3 cycles of 223Ra treatment.
68Ga-PSMA PET/CT, dCT, and bone scintigraphy were visually assessed
according to adapted PERCIST, RECIST version 1.1, and 21 2 rule as
described in Prostate Cancer Working Group 3 criteria. Visual response
evaluation results are after 3 cycles of 223Ra treatment for patients who
were evaluable for all 3 imaging modalities (n 5 21). NE 5 nonevaluable
disease; PD5 progressive disease; SD5 stable disease.
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correlation coefficient, 20.8156; n 5 21; P , 0.0001; Supplemental
Fig. 4G). At the time of treatment failure compared with after 3
cycles of 223Ra treatment, the fraction of progressive 68Ga-PSMA
uptake increased from 53% (IQR, 28%–67%) to 78% (IQR,
56%–84%; n 5 13) (P5 0.001; Supplemental Fig. 4E).
The fraction of decreased 68Ga-PSMA uptake after 3 cycles of

223Ra treatment did not correlate with TTVbone at baseline (Spearman
correlation coefficient,20.04880; n5 21; P5 0.8336) and was com-
parable between good and poor responders (median, 32% [IQR,
14%–40%; n 5 13] vs. 29% [IQR, 18%–55%; n 5 8]; P 5 0.547;
Fig. 6; Supplemental Fig. 4F). However, the fraction of decreased
68Ga-PSMA uptake and change in ALP after 3 cycles of 223Ra treat-
ment showed a significant correlation (Spearman correlation coeffi-
cient,20.4580; n5 21; P5 0.0368; Supplemental Fig 4H).

DISCUSSION

In this prospective multicenter study, we investigated the value
of 68Ga-PSMA PET/CT to evaluate mCRPC during treatment
with 223Ra.
To compare 68Ga-PSMA PET/CT with conventional techniques,

such as dCT and bone scintigraphy, we visually assessed all 3
imaging modalities, using standardized evaluation criteria. After 3
cycles of 223Ra treatment, bone scintigraphy could not distinguish
good responders from poor responders to 223Ra treatment. In addi-
tion, many patients were nonevaluable on the basis of conventional
imaging, because at least 2 new lesions on bone scintigraphy
needed confirmation on a second scan according to the 21 2 rule,
and dCT is not suitable for response evaluation of bone-only dis-
ease. 68Ga-PSMA PET/CT has an increased diagnostic accuracy
and the advantage of tomography in comparison with planar bone

scintigraphy (11). However, when PER-
CIST was used for 68Ga-PSMA PET/CT,
most patients had progressive disease due
to the development of at least 1 new bone
lesion. In addition, we observed intrapa-
tient heterogeneity in response, which was
not reflected by PERCIST. Therefore,
PERCIST was not considered sufficient to
distinguish good responders from poor
responders to 223Ra treatment, and we
decided to assess novel parameters of
68Ga-PSMA PET/CT.
Using semiautomatic assessment of

tumor volume on 68Ga-PSMA PET/CT,
we found that good responders had a
lower TTVbone than poor responders at
baseline and after 3 cycles of 223Ra treat-
ment. However, since a baseline tumor load
is associated with the prognosis of patients
with mCRPC in general, this finding might
not be specific for 223Ra treatment (26).
Nevertheless, higher TTVbone was associ-
ated with new extraosseous disease during
treatment, which might be considered at the
start of 223Ra treatment. Although improved
clinical outcome is, in general, associated
with radiologic response, a comparable
increase in TTVbone after 3 cycles of 223Ra
treatment was observed in both good and
poor responders. This might be caused by
the arbitrary cutoff for responders at 24 wk

of FFS and by confounding factors such as baseline tumor load and
the development of extraosseous metastases. Therefore, validation of
the association between TTVbone and clinical outcome, including the
correction of confounding factors, in a larger patient cohort is
required to further clarify the value of 68Ga-PSMA PET/CT for
response evaluation during treatment with 223Ra.
Remarkably, a decrease in TTVbone was not associated with a

decrease in ALP, whereas absolute ALP values did correlate with
TTVbone. This might be caused by the fact that ALP reflects the
activity of osteoblasts, which are targeted by 223Ra, but does not
directly reflect the tumor load. In the ALSYMPCA trial, it was
shown that ALP dynamics during treatment with 223Ra correlate
with the risk of death but cannot be used as a surrogate for overall
survival (21). Thus, in clinical practice, an ALP decrease after
223Ra treatment is not necessarily associated with tumor response
on 68Ga-PSMA PET/CT and could coexist with radiologic disease
progression.
Using our in-house–developed image-registration tool, we gained

more insight into the unexpected changes in TTVbone. Remarkably,
most patients had a significant intrapatient heterogeneity, showing a
typical pattern of decreased 68Ga-PSMA uptake in the original
region of the bone metastasis and increased 68Ga-PSMA uptake
in the surrounding bone tissue after 223Ra treatment (Supplemental
Fig. 5). Although the distinct dynamics in 68Ga-PSMA uptake over
time suggest a change in tumor load and location, the upregulating
effect of irradiation on PSMA expression in tumor cells should be
considered as a potential factor in measuring tumor volume on 68Ga-
PSMA PET/CT (27). In addition, PSMA is expressed not only on
prostate cancer cells but also on the neovasculature of several solid
tumors, including prostate cancer (28,29). Because radiation can

FIGURE 4. TTVbone on
68Ga-PSMA PET/CT. (A) Absolute TTVbone in good responders (n 5 13) and

poor responders (n 5 12) at baseline. (B) Relative change in TTVbone from baseline to after 3 cycles
of 223Ra treatment in good (n 5 13) and poor responders (n 5 9). (C) TTVbone in patients with and
without new extraosseous metastases during 223Ra treatment at baseline (n 5 12 and 12, respec-
tively; 1 not specified because of absence of imaging at time of treatment failure). Groups were com-
pared using Mann–Whitney U test. (D) Relative change in ALP and TTVbone after 3 cycles of 223Ra
treatment did not correlate (Spearman correlation coefficient, 0.1739; n5 23; P5 0.4274).
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induce angiogenesis, the increased PSMA expression in the sur-
rounding bone tissue might also be the result of neovascularization
in response to treatment with 223Ra (30,31).
On the basis of our results, we hypothesized that the correlation

between ALP and TTVbone disappears because of the interruption of

the osteoblast–tumor interaction by 223Ra, as explained in Supple-
mental Figure 6 (32). This hypothesis is further supported by the
known increase in ALP after discontinuation of 223Ra treatment, sug-
gesting the recovery of the activating tumor–osteoblast interaction
(32). In addition, the typical shift of 68Ga-PSMA uptake to the bor-
ders of the original tumor lesion on treatment with 223Ra might sug-
gest that the irradiated osteoblasts are no longer a suitable tumor
microenvironment, whereas the adjacent undamaged bone tissue still
is. Application of the image-registration tool in patients who received
other systemic therapies could help to further improve our under-
standing of heterogeneity in response evaluation in bone metastases.
Other strengths of this study are the prospective design, the exten-

sive follow-up with in-depth imaging, and the masking of 68Ga-
PSMA PET/CT to prevent bias on the clinical outcome. Response
evaluation of bone metastases was complicated by the clinical end-
point, as extraosseous disease also determines FFS, whereas this is
not targeted by 223Ra. Nevertheless, other reliable endpoints directly
related to bone metastases and 223Ra are lacking. Therefore, we still
consider a clinical endpoint, such as FFS, as the most relevant out-
come for 223Ra treatment in current clinical practice.

CONCLUSION

68Ga-PSMA PET/CT could be a useful all-in-one imaging modality
for response prediction in patients with mCRPC and predominantly
bone disease during treatment with 223Ra. Patients with a lower
TTVbone on

68Ga-PSMA PET/CT appear to have the best clinical out-
come and lowest chance of developing new extraosseous metastases
during treatment. Response to 223Ra shows intra- and intertumor het-
erogeneity in almost all patients. Remarkably, a decrease in ALP,
which occurred in most patients, was not correlated with a decrease in

FIGURE 6. Quantification of heterogeneity in tumor response on 68Ga-
PSMA PET/CT after 3 cycles of 223Ra treatment. Changes in SUV of 68Ga-
PSMA are categorized for every voxel within TTVbone according to
decreased 68Ga-PSMA uptake (baseline to follow-up SUV # 230%), sta-
ble 68Ga-PSMA uptake (baseline to follow-up SUV 5 230% to 130%),
and increased 68Ga-PSMA uptake (baseline to follow-up SUV $ 30%)
and visualized for good and poor responders after 3 cycles of 223Ra treat-
ment (n5 13 and 8). G5 good responder; P5 poor responder.

FIGURE 5. In-house–developed image-registration tool for visualization and quantification of heterogeneity in tumor response. Image registration to
merge 2 sequential images of 68Ga-PSMA PET/CT consists of 4 steps. (A) Both scans are cropped to comparable field of view, and bed is removed
from images. (B) Bone masks are obtained by region-growing algorithm with threshold of 150 Hounsfield units on low-dose CT. (C) Initial alignment of
both images is performed by rigid-body registration. (D) To correct for differences in patient posture between scans, deformable B-spline registration is
applied using isotropic mesh size of $10-cm distance between nodes. (E) Transformations are subsequently applied to associated PET images and
tumor mask that were obtained during TTVbone assessment. Changes in SUVs of 68Ga-PSMA are color-scaled, showing increasing (i.e., red color) and
decreasing (i.e., blue color) 68Ga-PSMA uptake over time. HU5 Hounsfield units.
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TTVbone, which might make one question the value of ALP for disease
monitoring during 223Ra treatment in clinical practice.
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KEY POINTS

QUESTION: Can 68Ga-PSMA PET/CT be used for response
evaluation of 223Ra treatment in patients with mCRPC?

PERTINENT FINDINGS: Within this prospective imaging study,
response to 223Ra treatment showed high intrapatient heterogeneity
on 68Ga-PSMA PET/CT, though patients with a lower TTVbone had
the best clinical outcome. Remarkably, changes in TTVbone and ALP
were not correlated.

IMPLICATIONS FOR PATIENT CARE: 68Ga-PSMA PET/CT is a
useful all-in-one imaging tool for response prediction of 223Ra
treatment in patients with mCRPC.
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The Diagnostic Value of the Sentinel Node Procedure to
Detect Occult Lymph Node Metastases in PSMA PET/CT
Node–Negative Prostate Cancer Patients

Jan J. Duin1,2, Hilda A. de Barros1,2, Maarten L. Donswijk3, Eva E. Schaake4, Tim M. van der Sluis2,5, Esther M.K. Wit1,2,
Fijs W.B. van Leeuwen1,6, Pim J. van Leeuwen1,2, and Henk G. van der Poel1,2,5

1Department of Urology, Netherlands Cancer Institute–Antoni van Leeuwenhoek Hospital, Amsterdam, The Netherlands;
2Prostate Cancer Network The Netherlands, Amsterdam, The Netherlands; 3Department of Nuclear Medicine, Netherlands Cancer
Institute–Antoni van Leeuwenhoek Hospital, Amsterdam, The Netherlands; 4Department of Radiation Oncology, Netherlands Cancer
Institute–Antoni van Leeuwenhoek Hospital, Amsterdam, The Netherlands; 5Department of Urology, Amsterdam University Medical
Center, Amsterdam, The Netherlands; and 6Interventional Molecular Imaging Laboratory, Department of Radiology, Leiden University
Medical Center, Leiden, The Netherlands

Our objective was to assess the diagnostic value of the sentinel node
(SN) procedure for lymph node staging in primary intermediate- and
high-risk prostate cancer patients with node-negative results on
prostate-specific membrane antigen PET/CT (miN0). Methods: From
2016 to 2022, 154 patients with primary, miN0 PCa were retrospec-
tively included. All patients had a Briganti nomogram–assessed nodal
risk of more than 5% and underwent a robot-assisted SN procedure
for nodal staging. The prevalence of nodal metastases at histopathol-
ogy and the occurrence of surgical complications according to the
Clavien–Dindo classification were evaluated. Results: The SN proce-
dure yielded 84 (14%) tumor-positive lymph nodes with a median
metastasis size of 3mm (interquartile range, 1–4mm). In total, 55
patients (36%) were reclassified as pN1. A complication of Clavien–
Dindo grade 3 or higher occured in 1 patient (0.6%). Conclusion: The
SN procedure classified 36% of patients with miN0 prostate cancer
with an elevated risk of nodal metastases as pN1.

Key Words: sentinel node; lymph node metastases; prostate cancer;
PSMAPET
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The presence of lymph node (LN) metastases has a great im-
pact on the prognosis and management of prostate cancer (PCa) (1).
Therefore, nodal sampling is recommended for primary PCa
patients with a nomogram-assessed risk of LN metastases of more
than 5% undergoing radical prostatectomy (2). The gold standard
for LN staging in PCa is an extended pelvic LN dissection
(ePLND) (2). As this procedure is associated with morbidity (3),
alternative options are being explored. The sentinel node (SN) pro-
cedure is a procedure in which the first draining LNs are located,
removed, and histopathologically assessed for metastases. By yield-
ing a similar diagnostic accuracy and extending nodal detection to

aberrant locations, the SN procedure has proven to be a less inva-
sive alternative to ePLND (4,5) but is still considered experimental
because of a lack of high-quality evidence supporting its oncologic
efficacy (2).
Most studies assessing the diagnostic value of the SN proce-

dure in PCa nodal staging have been performed on patients staged
with conventional imaging (4,6). Due to its superior accuracy in
detecting macrometastases, prostate-specific membrane antigen
(PSMA) PET/CT has now set the new standard in noninvasive PCa
staging (7). An intrinsic limitation of this modality is its inability to
accurately detect metastases smaller than 3mm (8,9). Relying on
PSMA-based target identification is therefore prone to missing of
micrometastases (10). Thus, patients with node-negative PSMA
PET/CT (miN0) may still benefit from an SN procedure.
The aim of this study was to investigate the prevalence of LN

metastases at final histopathologic examination in miN0 intermedi-
ate- and high-risk PCa patients undergoing SN procedures. The
secondary outcome was 90-d Clavien–Dindo surgical complica-
tions after the SN procedure.

MATERIALS AND METHODS

This retrospective, single-center study was conducted at The Neth-
erlands Cancer Institute. The institutional review board (IRBdm21-
216) approved this retrospective study, and the requirement to obtain
informed consent was waived. Patients were included if they had
biopsy-proven PCa, a Briganti 2012 nomogram–assessed risk of nodal
invasion of more than 5% (11), and no evidence of metastases on pre-
operative staging PSMA PET/CT and underwent the SN procedure
before radiotherapy between 2016 and 2022. Patients were excluded if
the primary tumor was not visible on PSMA PET/CT. As all patients
opted for primary radiotherapy, none received ePLND.

PSMA PET/CT imaging was performed either at our hospital or at
the referring hospital. At our center, PET/CT imaging was performed as
previously described (12). All PSMA PET/CT scans were reviewed by
an experienced nuclear medicine physician in line with PROMISE (13)
and discussed in multidisciplinary meetings.

SN procedures were performed as described previously (6), with
injection of the hybrid tracer indocyanine green–99mTc-nanocolloid (14)
transrectally in 4 quadrants of the prostate under ultrasound guidance.
Subsequently, lymphoscintigrams (15 min and 2 h after injection) and
SPECT/low-dose CT (SPECT/CT) were performed (Figs. 1A and 1B).
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Experienced urologists performed robot-assisted surgery using the da
Vinci Si Surgical System (Intuitive Surgical Inc.). Intraoperatively, SNs
were localized using a laparoscopic g-probe (Europrobe 2; Eurorad) and
fluorescence imaging with the robot-integrated Firefly camera (Intuitive
Surgical; Figs. 1C–1D).

All specimens were fixed in formalin, embedded in paraffin, sec-
tioned at 2 mm, cut at 3 planes (150-mm intervals), stained with hema-
toxylin and eosin, and histopathologically examined for metastatic
deposits. The CAM5.2 monoclonal antibody was used for immunohis-
tochemical evaluation of PSMA expression in LN metastases measur-
ing at least 5 mm.

Median and interquartile range were reported for continuous vari-
ables, and frequency and percentage were reported for categoric vari-
ables. Unpaired t tests or Mann–Whitney U nonparametric tests was
used to compare continuous variables between pN0 and pN1 patients.
x2 or Fisher exact tests was used to compare discrete variables. All
statistical analyses were performed with SPSS statistics, version 27.0
(IBM Corp).

RESULTS

In total, 154 patients met the inclusion criteria and were
included in the analysis (Fig. 2; Table 1). Preoperative SPECT/CT
highlighted 445 SNs (median, 3 SNs per patient [interquartile
range, 2–4]). Patients with unilateral (n 5 32) or bilateral (n 5 12)
nonvisualization on SPECT/CT underwent ipsilateral (n 5 11) or
bilateral (n 5 11) ePLND up to the ureter-vessel crossing, indocya-
nine green–guided node dissection (n5 20), or a unilateral SN pro-
cedure (n 5 2). In patients with multiple SNs on SPECT/CT, SNs
located in difficult-to-reach anatomic locations (e.g., pararectal or
paraaortic) were left in situ (n 5 42).
In total, 618 LNs were surgically excised (403 SNs and 215

non-SNs), of which 84 (14%) harbored metastases (75 SNs and 9
non-SNs; median metastasis size, 3mm [Fig. 3]). Nodal metasta-
ses were located in the obturator fossa (52%; 44/84), external iliac
(39%; 33/84), internal iliac (4%; 3/84), paravesical (2%; 2/84),
presacral (1%; 1/84), and pararectal (1%; 1/84) regions. SNs were
the only tumor-bearing nodes in 50 (91%) patients.
In total, 55 patients (36%) were upstaged to pN1 on the basis of

the outcome of the SN procedure. Sixteen metastases were at least
5mm, and all showed PSMA expression immunohistochemically.

Only 1 (0.6%) patient had a high-grade complication (Clavien–
Dindo $ 3; Table 2).

DISCUSSION

Using the SN procedure in PCa patients with increased nodal
risk and miN0 disease on PSMA PET/CT resulted in upstaging of
55 (36%) patients to pN1, which may alter treatment recommenda-
tions. Our institute adjusts the radiation target volume for primary
PCa patients according to the histologic outcome of the SN proce-
dure. pN0 patients receive prostate-only radiotherapy, and pN1
patients receive additional pelvic radiotherapy and androgen depriva-
tion therapy intensification. The oncologic benefit of such SN-based
radiotherapy field adjustment (15) may also apply to miN0 patients.
We believe the high-grade complication rate of 0.6% of the SN pro-
cedure justifies its use for nodal staging and subsequent treatment
allocation.
The diagnostic value of the SN procedure in miN0 PCa patients

treated with radical prostatectomy was previously evaluated (12).
The SN procedure detected nodal metastases in 6 (19%) miN0
patients (median metastasis size, 2.0mm; interquartile range,
1.0–3.0mm). Building on these results, we demonstrate the diag-
nostic value of the SN procedure in an expanded cohort of miN0
PCa patients opting for primary radiotherapy.
SN procedures provide a means of mapping the most likely

tumor lymphatic drainage, thus allowing detection of metastases
and micrometastases that are not yet reached by the vascular sup-
ply and might be missed by PSMA targeting (10). In our study, 16
metastases measuring at least 5mm were missed by PSMA
PET/CT. Nearly one third of these positive nodes consisted of
multiple micrometastases on histopathology; therefore, although
the cross-sectional diameter of the metastasis may be more than
5mm, the total volume may be too small to be detected by PSMA

Sentinel node patients
assessed for eligibility

(n = 188)

Included patients
(n = 154)

445 SNs visible on
SPECT/CT

618 lymph nodes
surgically resected

403 SNs 215 non-SNs

9 malignant75 malignant 206 benign328 benign

Excluded (n = 34)
- No PSMA PET/CT performed
(n = 21)
- miN1 on PSMA PET/CT
(n = 5)13

- No PSMA-avid primary tumor
on PSMA PET/CT (n = 6)13

- PSMA PET/CT performed after
SN procedure (n = 2)

42 non-resected SNs

FIGURE 2. Consolidated Standards of Reporting Trials (CONSORT)
diagram.

FIGURE 1. SPECT (A), SPECT/CT (B), intraoperative white light (C), and
fluorescence imaging (D) of iliac SN, which harbored 3-mm metastasis on
histopathology (pN1).
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PET/CT. The median time between PSMA PET/CT and the SN
procedure was not significantly different in patients with a metas-
tasis of at least 5mm and those with a metastasis of less than
5mm. Therefore, tumor progression is unlikely to explain why
macrometastases were missed.

Several limitations of this study are noteworthy. First, different
scanning protocols and different PSMA-targeting tracers may have
influenced interpretation of PET/CT scans. Second, nodal metasta-
ses smaller than 5mm were not reassessed for PSMA expression.
Third, since no ePLND was performed after the SN procedure, we

TABLE 1
Patient and Diagnostic Characteristics

Characteristic All patients (n 5 154) pN0 patients (n 5 99) pN1 patients (n 5 55) P

Age (y) 68 (63–72) 68 (63–72) 69 (63–73) 0.52

Initial PSA (mg/L) 12 (7–21) 11 (6–19) 14 (8–34) 0.03

Clinical tumor stage 0.01

cT1c 19 (12) 14 (14) 5 (9)

cT2 83 (54) 60 (61) 23 (42)

cT3 46 (30) 23 (23) 23 (42)

cT4 5 (3) 1 (1) 4 (7)

cTx 1 (1) 1 (1) 0 (0)

Radiologic tumor stage* ,0.001

mT2 57 (37) 48 (49) 9 (16)

mT3 90 (58) 49 (50) 41 (75)

mT4 7 (5) 2 (2) 5 (9)

ISUP grade group 0.007

1 1 (1) 1 (1) 0 (0)

2 22 (14) 13 (13) 9 (16)

3 56 (36) 43 (43) 13 (24)

4 37 (24) 26 (26) 11 (20)

5 38 (25) 16 (16) 22(40)

EAU risk group 0.003

Intermediate 30 (19) 25 (25) 5 (9)

High 73 (47) 50 (51) 23 (42)

Locally advanced 51 (33) 24 (24) 27 (49)

Briganti risk of LN metastasis 29 (15–52) 21 (13–41) 47 (28–75) ,0.001

PSMA tracer 0.75
68Ga-PSMA-11 65 (42) 44 (44) 21 (38)
18F-DCFPyl 48 (31) 31 (31) 17 (31)
18F-PSMA-1007 30 (19) 19 (19) 11 (20)
18F-JK-PSMA-7 11 (7) 5 (5) 6 (11)

Interval, PSMA to SN (d) 63 (43–78) 63 (44–84) 64 (42–78) 0.86

SPECT/CT-identified SNs 3 (2–4) 3 (2–4) 3 (2–4) 0.50

SNs removed 3 (2–4) 2 (2–4) 3 (2–4) 0.15

SNs positive 1 (1–2)

Metastasis size (mm) 3 (1–4)

Distribution SN/non-SN

Positive SNs only 50 (91)

Positive SNs 1 non-SNs 1 (2)

Positive non-SNs only 4 (7)

*Based on MRI.
PSA 5 prostate-specific antigen; ISUP 5 International Society of Uropathology; EAU 5 European Association of Urology.
Qualitative data are number and percentage; continuous data are median and interquartile range.
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do not know the rate of false-negative SN biopsies. Lastly, onco-
logic outcomes cannot yet be accurately assessed because many
patients received 3 y of androgen deprivation therapy and the cur-
rent median follow-up is 2 y.

CONCLUSION

Our results demonstrate that the SN procedure detects nodal
metastases in more than one third of patients with node-negative
PSMA PET/CT. Smaller nodal metastases detected by examina-
tion of SNs are readily missed by PSMA PET/CT. Further studies
are needed to evaluate the oncologic outcomes of SN-dependent
PCa treatment in a prospective setting.

DISCLOSURE

No potential conflict of interest relevant to this article was
reported.

KEY POINTS

QUESTION: Can SN biopsy improve nodal staging in PSMA
PET/CT node-negative PCa patients with an increased risk of
nodal invasion?

PERTINENT FINDINGS: SN biopsy upstaged 55 (36%) primary
PSMA PET/CT node-negative PCa patients to pN1.

IMPLICATIONS FOR PATIENT CARE: Implementation of SN
biopsy in primary PCa improves the detection of metastatic
nodes, providing valuable information for further treatment
guidance.
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FIGURE 3. LN metastasis size distribution.

TABLE 2
90-D Complications After SN Procedure

Clavien–Dindo
grade Complication Patients (n)

1 14 (9%)

Obturator nerve–related
weakness or pain

10

Lymphedema 3

Diverticulitis 1

2 18 (12%)

Urinary tract infection 16

Fever of unknown
etiology

2

3a 1 (1%)

Infected lymphocele 1

Any complication 33 (21%)

Total 154 (100%)
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B R I E F C O M M U N I C A T I O N

Radiation Safety Considerations of Household Waste
Disposal After Release of Patients Who Have Received
[177Lu]Lu-PSMA-617

Stephen A. Graves

Departments of Radiology, Radiation Oncology, and Biomedical Engineering, University of Iowa, Iowa City, Iowa

Patients with metastatic prostate cancer are more likely than other
groups to present for radiopharmaceutical therapy with urinary incon-
tinence due to complications from prior local prostate cancer treat-
ment. A consequence of urinary incontinence in patients receiving
radiopharmaceutical therapy is the potential production of contami-
nated solid waste, which must be managed by the licensee and, at
home, managed by and disposed of by the patient. Prolonging the
patient stay in the treating facility after radiopharmaceutical therapy
administration, until the first urinary void or potentially overnight, may
moderately reduce the quantity of contaminated waste being man-
aged by the patient at home. However, this approach does not fully
mitigate the need for a patient waste-management strategy. In this
brief communication, the relative radiation safety merits of contami-
nated waste disposal in the normal household waste stream in com-
parison to other waste management strategies are evaluated.

Key Words: PSMA; patient waste; incontinence; prostate cancer;
Pluvicto
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When patients with metastatic prostate cancer present for
radiopharmaceutical therapy, they are more likely than others to
have urinary incontinence due to complications from prior local
prostate cancer treatment, including external-beam radiotherapy,
permanent-implant low-dose-rate brachytherapy, radical prostatec-
tomy, or some combination of these treatments. Rates of significant
urinary incontinence after radiotherapy and radical prostatectomy
have been reported to be as high as 52% based on patient-reported
outcome surveys (1). After the recent Food and Drug Administra-
tion approval of [177Lu]Lu-PSMA-617 (Pluvicto; Novartis Inc.) for
treatment of patients with metastatic castration-resistant prostate
cancer, a significant increase is expected in the number of patients
with urinary incontinence receiving radiopharmaceutical therapy.
Peptide-based radiopharmaceutical therapies, including [177Lu]Lu-

PSMA-617, are rapidly excreted from the body primarily by renal
elimination into urine. Whole-body elimination of [177Lu]Lu-PSMA-
617 is approximately biexponential: on average, 73% of administered
activity is eliminated with a half-life of 0.071 d and the remaining

27% is eliminated with a half-life of 1.71 d (2). In a patient with full
urinary continence, most of the administered activity will be flushed
into municipal wastewater, which is the generally preferred approach
to management of such waste. Among such patients, however, a sig-
nificant fraction of excreted activity may remain as solid contami-
nated waste (adult diapers, clothing, bed linens, etc.), thereby
complicating the issue of waste management. In the case of solid
waste that is generated outside the radioactive material licensee’s
control (i.e., in the patient’s own home), 3 options exist for waste
management. In option A, the patient retains the waste in plastic trash
bags in the home until radioactive decay is complete and the waste
can be disposed of normally (i.e., as nonradioactive waste). In option
B, the patient contains the waste in sanitary trash bags and immedi-
ately disposes of it in the normal household waste stream. In option
C, the patient retains the waste in plastic trash bags at home and con-
tacts the licensee to arrange waste pickup.
Option C may be logistically intractable for many medical pro-

viders. If required, and if fewer centers are able to offer therapy as
a result, this approach to waste management could limit patient
access to valuable medical care. Therefore, we focus on options A
and B as being preferable if radiation risks to the public are suffi-
ciently minimal.

OPTION A: DECAY IN STORAGE

For the scenario in which the patient is instructed to retain waste
in the home for decay in storage, the maximally exposed member
of the public is likely to be a member of the patient’s household.
Cumulative radiation exposure (D) to a household member can be
estimated as follows:

D5

ð1
0
G

ApðtÞ Ep

r2p
1
AwðtÞ Ew

r2w

 !
dt, Eq. 1

where G is the exposure rate constant for 177Lu (7.6 mSv m2/GBq h
[0.028 mrem m2/mCi h]); ApðtÞ is the activity in the patient as a
function of time; Ep is the occupancy factor of an individual rela-
tive to the patient, that is, the fraction of time spent near the patient;
rp is the distance (m) between the household member and the
patient; AwðtÞ is waste activity stored in the house as a function
time; Ew is occupancy factor relative to the waste, that is, the frac-
tion of time spent near the waste; and rw is the distance between
the household member and the waste.
ApðtÞ is approximated by A0ðF1e2l1t1F2e2l2 tÞ, where A0 is the

administered activity (typically 7.4 GBq] 200mCi]), F1 and F2 are
the fractions of activity administered in the early and late elimination
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phases (F150:730 and F250:270), and l1 and l2 are the elimina-
tion rate constants (l150:4107 h21 and l250:0169 h21) (2).
Evaluation of the integral in Equation 1 therefore yields the fol-

lowing:

D5
G Ep

r2p
A0

F1

l1
1
F2

l2

! #
1
G Ew

r2w
W

Aw

lp
, Eq. 2

where W is the fraction of activity excreted in the urine that ends
up as contaminated solid waste, Aw is the total activity excreted
by the patient, and lp is the physical decay constant for 177Lu
(0.004345h21).
It can be shown that Aw is calculated as follows:

Aw5A0 12
F1
l1
1F2

l2
1
lp

 !
50:923 A0: Eq. 3

This formulation implies that 92.3% of the injected activity is
excreted, on average, and 7.7% decays in vivo.
Substituting the result of Equation 3 into Equation 2, and using

some reasonable assumptions for occupancy and distance factors
(Ep50:25; rp51m; Ew51.00; rw53m), the estimated exposure
to a household member after release of a patient treated with
7.4 GBq (200mCi) of [177Lu]Lu-PSMA-617 is 249 mSv (24.9 mrem)
from activity in the patient and 330 mSv (33.0 mrem) from activity
in the waste, resulting in a total estimated exposure of 579 mSv
(57.9 mrem) per treatment.

OPTION B: IMMEDIATE WASTE DISPOSAL

For the situation in which a patient with urinary incontinence is
instructed to dispose of solid radioactive waste in the ordinary
household waste stream with no delay, the radiation exposure to
the sanitation worker who collects and transports the waste is of
primary relevance. If one assumes that there is, on average, 24 h
between waste creation and waste collection, the portion of admin-
istered activity that is collected by the sanitation worker is given
by Awe2lp324, or approximately 83.1% of the administered activ-
ity (A0). Conservatively assuming that the household member is
the individual who transports the waste outside the home for col-
lection, taking 1min to do so, and keeping all other considerations
the same as above, the household member is expected to receive
36 mSv (3.6 mrem) from activity in the waste per treatment.
Assuming negligible radioactive decay during waste transport

and an occupancy factor of 1, the radiation exposure to the sanita-
tion worker can be expressed as

D5 0:8313W A0 G
tc
r2c
1
a tT
r2T

! #
, Eq. 4

where tc is the time (h) required to manually collect and empty the
waste container into the sanitation truck, rc is the distance (m) to
the waste during container collection and emptying, tT is the time
(h) required to transport the waste to a waste facility, rT is the dis-
tance (m) to the waste during transport, and a is the radiation
transmission factor through the adjacent waste and the truck dur-
ing transport.
The radiation transmission factor (a) can be conservatively esti-

mated using Equation 5 for the approximate steel thickness of a
sanitation truck wall (x5$0.476cm [3=16 in]), the mass attenua-
tion coefficient of elemental iron for 208-keV photons (m=r5
0.143cm2/g) (3), and the appropriate scatter build-up factor for
the relevant energy and number of mean free pathlengths

(B51.28) (4).

a# Be 2m
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Eq. 5

This transmission estimate is conservative, as it ignores obliquity
with respect to the 177Lu g-rays striking the truck wall, attenuation
of lower-energy 177Lu emissions (i.e., 113 keV), and attenuation by
waste within the truck.
Some assumptions may be made regarding the time required to

collect and transport the waste to a local municipal facility. Collec-
tion and transport times (tc and tT ) may be estimated as 30s
(0.0083h) and 4h, respectively. Distances from the waste during
collection and transport (rc and rT ) may be estimated as 0.25m and
2.0m, respectively. Evaluating Equation 4 using these values yields
a sanitation worker exposure estimate of 10.3 mSv (1.03 mrem) per
patient treatment (assuming A057.4 GBq [200mCi]) or approxi-
mately 61.7 mSv (6.2 mrem) for a total of 6 treatments (Atotal5
44.4 GBq [1,200mCi]).
It is possible that a sanitation worker may provide services to

multiple households that have patients undergoing treatment with
[177Lu]Lu-PSMA-617. According to the U.S. Bureau of Labor
Statistics, approximately 138,700 “refuse and recyclable material
collectors” provided services to the approximately 122,354,219
households in the United States in 2021. This implies that each
sanitation worker may provide services to 882 households; how-
ever, there may be overlap (i.e., waste collection and recycling
collection may be provided separately for each household), there-
fore, to be conservative we can assume that each sanitation worker
provides services to 3,000 households.
There are approximately 268,490 new cases of prostate cancer

each year in the United States, approximately 5.6% of which
(15,035) will present as, or progress to the point of being, metastatic
prostate cancer (5). If we assume that all individuals who develop
metastatic prostate cancer receive [177Lu]Lu-PSMA-617 and that
24% have urinary incontinence (weighted average from Daugherty
et al. (1)), this amounts to a total of 3,608 patients with incontinence
from whom sanitation workers might collect waste annually. The
per-household probability of having a patient undergoing treatment
is therefore 7,818 of 122,354,219, or roughly P5 0.0029% per
year. Based on the assumption that individual sanitation workers
service 3,000 homes, the probability of encountering N patients in a
given year is given by the following binomial probability:

PðNÞ5pNð12pÞ3,0002N 3,000
N

! #
: Eq. 6

A conservative estimate of the probability that a sanitation
worker will provide services to N patients is therefore as follows:
P(0)5 91.7%, P(1)5 7.98%, P(2)5 0.347%, P(3)5 0.010%, P(4)5
0.0002%, and P(5)5 0.000004%.
Based on the calculation result from Equation 4, to exceed the

typical regulatory limit of 1 mSv (100 mrem) a sanitation worker
would need to provide services to at least 16 homes containing
patients receiving [177Lu]Lu-PSMA-617 in a given year. The
probability of this occurring is approximately given by

PðN$16Þ5 12
X15
N5 0

pNð12pÞ3, 0002N 3, 000
N

! #
5 4:56310231:

Eq. 7

The number of sanitation workers who would be expected to
exceed 100 mrem is therefore ð4:56310231Þð138;700Þ# 0.
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SUMMARY AND CONCLUSIONS

When a [177Lu]Lu-PSMA-617 patient is incontinent, the ex-
pected excess effective dose to a member of the household is
expected to be approximately 330 mSv (33 mrem) per 7.4 GBq
(200mCi) of treatment if waste is retained for decay within the
household. By comparison, if the waste is disposed of in the normal
household waste stream, the maximally exposed sanitation worker
is expected to receive approximately 10.3 mSv (1.03 mrem) per
7.4 GBq (200mCi) of treatment, and the household member expo-
sure is reduced to 36 mSv (3.6 mrem). Therefore, disposal of solid
contaminated waste in the normal waste stream results in approxi-
mately a 10-fold reduction in estimated household member expo-
sure, with respect to the waste, with only a marginal increase in
sanitation worker exposure relative to natural background radiation
($8 mSv/d [$0.8 mrem/d]).
The estimated exposures presented here are conservative, and

true exposures are likely to be lower, both for decay in storage and
for immediate household waste disposal. Household members are
unlikely to spend 100% of their time at a distance of 3m from the
radioactive waste. A more conservative estimate might be 50%
occupancy at a distance of 5m, which would reduce exposure by a
factor of approximately 5. In the case of a sanitation worker collect-
ing waste, waste receptacle emptying is often automated (not per-
formed by hand), and attenuation within the surrounding waste may
be significant, likely more than 1m of compacted waste, with a den-
sity of up to approximately 600 kg/m3. These factors have the
potential to decrease sanitation worker exposure by a factor of more
than approximately 6. Additionally, the calculations provided in
this paper assume immediate release from medical care after
[177Lu]Lu-PSMA-617 administration, whereas many patients will
void before release, thereby reducing the exposure estimates in both
scenarios A and B by approximately 30%. (2) Although not consid-
ered in this work, it is also possible that the patient could be cathe-
terized for several days after administration, allowing for urine
discharge into the sewage system. Although feasible, and some
practices may consider this option, catheterization increases infec-
tion risk and reduces patient comfort, thereby potentially reducing
the overall quality of care.
Regardless of the conservative nature of these calculations, it

seems clear that the pragmatic approach to [177Lu]Lu-PSMA-617
solid-waste management is to instruct patients to contain the waste
in sanitary trash bags and to dispose of contaminated waste in the

standard household waste stream. This approach is expected to
minimize radiation exposure to members of the public, and cumu-
lative exposures are expected to be well below regulatory limits.
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KEY POINTS

QUESTION: What instructions should be provided to patients
regarding contaminated solid waste after administration of
[177Lu]Lu-PSMA-617?

PERTINENT FINDINGS: Disposal of contaminated solid waste in
the normal municipal waste stream is likely to minimize public
radiation exposure, and the exposure received by the maximally
exposed sanitation worker is expected to be approximately
10 mSv ($1 mrem) per administration.

IMPLICATIONS FOR PATIENT CARE: Prostate cancer patients
with urinary incontinence can be safely treated, and they do not
need to retain contaminated solid waste in their homes.
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We report the dosimetric evaluation of prostate-specific membrane
antigen–based radioligand therapy (RLT) for metastatic prostate can-
cer in a patient with autosomal-dominant polycystic kidney disease.
Methods: The patient received hemodialysis during each of 6 RLT
cycles while staying as an inpatient. We used voxel dosimetry and
blood sampling for the dose calculation. Results: The patient
respondedwell to the RLT, as indicated by the prostate-specific antigen
level decreasing from 298 to 7.1ng/mL. The doses per cycle ranged
from 0.19 to 0.4Gy/GBq for the parotid gland, 0.14 to 0.28Gy/GBq for
the submandibular gland, 0.03 to 0.11Gy/GBq per kidney, and 0.10 to
0.15Gy/GBq for the red bone marrow.Conclusion: This case suggests
that [177Lu]Lu-PSMA–based RLT can be applied successfully and safely
to a patient with chronic kidney disease undergoing hemodialysis.

Key Words: chronic kidney disease; kidney failure; dosimetry; 177Lu;
prostate-specificmembrane antigen; radioligand therapy
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Prostate-specific membrane antigen (PSMA) is a glycoprotein
with high expression on healthy prostate epithelial cells but is
extremely upregulated in prostate cancer (1–3). This makes PSMA
an ideal target for diagnostic and therapeutic applications. As a
third-line treatment of metastatic castration-resistant prostate can-
cer, radioligand therapy (RLT) with [177Lu]Lu-PSMA-617 or ana-
logs has proven to be effective, imparting substantial benefits for
the overall survival of patients (4,5).
The international guidelines for PSMA-based RLT do not

include recommendations for patients with comorbid chronic kid-
ney disease (CKD), who need hemodialysis during RLT. In the-
ory, impaired kidney function could alter the pharmacokinetics of
the radiopharmaceutical. In this paper, we report on the treatment
with [177Lu]Lu-PSMA-617 of a metastatic castration-resistant
prostate cancer patient with comorbid stage 4 CKD according to
the Kidney Disease: Improving Global Outcomes scale. His RLT
was performed under a compassionate-use program. Apart from
exploring the practical aspects of performing hemodialysis in a
nuclear medicine ward, we present the organ dosimetry and

effective half-life of [177Lu]Lu-PSMA-617 in the patient. To the
best of our knowledge, this is the first description of radiation
dosimetry for a CKD patient underdoing PSMA-based RLT.

MATERIALS AND METHODS

Informed consent was obtained from the patient presented in this
brief communication.

Clinical Status of the Patient
A 63-y-old patient with metastatic castration-resistant prostate cancer

was referred to our hospital for [177Lu]Lu-PSMA-617 RLT after all avail-
able options of first- and second-line treatments had been exhausted.

We established the indication for RLT on the basis of the high bind-
ing of the PSMA ligand [18F]F-PSMA-1007 in the metastases. During
the 4 y before RLT, the patient had received hemodialysis 3 times per
week because of CKD with autosomal-dominant polycystic kidney
disease. Supplemental Table 1 reports the renal-function data before
each RLT cycle (supplemental materials are available at http://jnm.
snmjournals.org).

RLT Procedure with Hemodialysis
The patient underwent 6 RLT cycles at our department between

October 2021 and August 2022. In each cycle, the patient received
between 7.71 and 8.07 GBq of [177Lu]Lu-PSMA-617 (cumulative
activity, 47.3 GBq), which was administered by intravenous injection.
He stayed in the therapy ward for approximately 72 h after each cycle.

During the first RLT cycle, the patient received 3 hemodialyses
while in the therapy ward. In the subsequent cycles, the patient main-
tained his regular hemodialysis schedule, corresponding to 2 hemodi-
alyses during each ward visit (Table 1). With no access to treated
water for dialysis at our facility, we replaced regular dialysis sessions
with hemodiafiltration sessions using a Prismaflex device (Baxter Interna-
tional Inc.). We compensated for the lower clearance with an increased
treatment time of 6.2–7.6 h, resulting in a clearance time per volume of
0.9 (6). The dialysate volume ranged from 40.3 to 57.0 L (Table 1). To
assess the 177Lu clearance from the blood, we measured the radioactivity
concentration in the blood samples collected at the beginning of every
hemodialysis and before the patient was discharged from the clinic.

Dosimetry
We performed the dose calculation for the organs at risk with the

voxel dosimetry application of Hermes (Hermes Medical Solutions)
(7) using SPECT/CT images (Siemens Healthineers Intevo Bold;
medium-energy collimator, 128 3 128 matrix; Siemens Healthineers
xSPECT reconstruction) acquired at 1, 2, 3, and 10 d after injection
for 30 min of scan time in each session. A nuclear medicine resident
physician segmented the parotid gland, submandibular gland, left colic
flexure, and right kidney on the dose maps obtained from Hermes.
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Following previous work (8,9), we used blood sampling to estimate
the red bone marrow (RM) radioactivity dose. We opted for a Bayesian
fit of a single-exponential function to the data (Gaussian likelihood,
Gaussian priors of 0.1 6 0.025 h21 for a mean half-life and 0.89 6

0.38 MBq/mL for the amplitude) to determine the time-integrated activity
fromwhich we performed the dose calculation according to previous data (8).

Radiation Protection
The therapy was conducted according to the standard radiation pro-

tection requirements for [177Lu]Lu-PSMA-617 (10). While the nurse
performed the hemodialysis, we monitored the whole-body effective
dose with an electronic personal dosimeter to assess the additional radi-
ation burden (11). We measured the dose rate of the patient before

each discharge from the clinic and instructed
him to follow radiation protection measures
according to the Swiss regulations (www.bag.
admin.ch/str-wegleitungen). Furthermore, we
advised the personnel routinely performing
the hemodialysis to follow standard radiation
protection measures outside the therapy ward
for 9 d after injection (use of disposable gloves
and exclusion of pregnant women from per-
forming the hemodialysis). We measured the
residual activity in the dialysate at the begin-
ning and at end of each hemodialysis with a
calibrated g-counter.

RESULTS

Therapy
During each RLT, a nephrologist

closely monitored the patient’s hemodialy-
sis. The patient tolerated the [177Lu]Lu-
PSMA-617 RLT well. There were no
adverse events according to the Common
Terminology Criteria for Adverse Events
(https://ctep.cancer.gov/protocolDevelopment/
adverse_effects.htm). The prostate-specific
antigen trend indicated a good tumor
response for up to 4 cycles, with serum
prostate-specific antigen levels decreasing
from 298 to 7.1 ng/mL. However, after a
longer intercycle time of 16 wk between

TABLE 1
Therapy and Hemodialysis Data

Cycle Ath (GBq) Dialysis no. tpi (h) Vdia (L) Abegin (kBq/mL) Aend (kBq/mL)

1 7.906 1 1.88 52.40 326.06 34.0 131.06 14.0

2 24.60 40.28 68.26 7.1 38.56 4.0

3 47.18 44.35 29.46 3.1 16.96 1.8

2 8.074 4 2.10 57.00 351.06 37.0 117.06 12.0

5 49.60 49.36 46.76 4.9 22.66 2.4

3 7.889 6 1.71 51.18 300.06 31.0 116.06 12.0

7 47.83 56.80 42.16 4.4 25.06 2.6

4 7.711 8 2.16 40.80 290.06 30.0 136.06 14.0

9 50.88 51.29 46.46 4.9 22.96 2.4

5 7.806 10 1.27 50.43 271.06 28.0 104.06 11.0

11 48.33 51.48 34.36 3.6 19.16 2.0

6 7.882 12 1.58 51.10 263.06 27.0 103.06 11.0

13 49.58 50.67 35.46 3.7 19.06 2.0

Ath 5 administered activity; tpi 5 time after injection to start of hemodialysis; Vdia 5 total dialysate volume; Abegin 5 activity
concentration in dialysate at beginning of each hemodialysis; Aend 5 activity concentration in dialysate at end of each hemodialysis.

FIGURE 1. Time course of blood cell count data throughout 6 RLT cycles.
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the fourth and fifth cycles (due to a global shortage of [177Lu]Lu-
PSMA-617), the prostate-specific antigen values rose again to
157ng/mL, suggesting a relapse of the prostate cancer. There were
no abnormalities found in the blood cell count data (Fig. 1).

Dosimetry
We report the organ doses of the patient in Table 2 and illustrate

them in Figure 2. We do not report the dose of the left kidney
because of its vicinity to the left colic flexure, which showed a
much higher value in the dose map. The activity in the blood sam-
ples and the fit predictions are shown in Supplemental Figure 1.
The blood effective half-life by cycle ranged from 13.86 2.3 to
17.56 4.1 h; Supplemental Table 2 shows the complete fit results.

Radiation Protection
The Prismaflex device was releasable from the controlled area

immediately after the last hemodialysis because of the absence of

detectable radioactive contamination. Therefore, only solid waste
(i.e., tubing and dialysis fluid bags) showed detectable contamina-
tion with 177Lu and was placed in a decay storage room for safe
disposal.
The dose rate at 1m at chest height before the patient’s release

(about 72h after injection) ranged from 4.5 to 13.3 mSv/h. The indi-
viduals who performed the hemodialysis accumulated an effective
dose between 8 and 42 mSv, which is consistent with previous results
(11). For the first hemodialysis of each cycle, 24.86 12.0 mSv were
registered, whereas the hemodialysis performed 2 d after injection
led to an effective dose of 12.76 8.6 mSv. We report the radio-
activity concentration in the dialysate medium at the beginning and
at the end of each hemodialysis cycle in Table 1.

DISCUSSION

There is prior documentation of successful [177Lu]Lu-PSMA-617
treatment of patients with reduced renal function, including a dosi-
metric evaluation (12) and, more recently, a report on hemodialyzed
patients (11). However, these latter references focused on the practi-
cal implementation of a hemodialysis, without providing any dosim-
etry or blood and renal clearance data.
The doses to the salivary glands reported in Table 2 are very

much comparable to those reported in the literature for typical
RLT patients (11), but the kidney doses are almost an order of
magnitude lower than the literature values (10). The values for the
blood effective half-life somewhat exceed the 10.86 2.5 h previ-
ously reported (2), whereas the RM doses are higher than the
reported literature values (8). This scenario is consistent with the
expectations of stage 4 renal failure and consequently slower
clearance of 177Lu due to the intermittent hemodialysis.
The dose limits for the salivary glands, kidney, and RM speci-

fied in the European Association of Nuclear Medicine guidelines
(10) safely exceed what we observed in our patient (Fig. 2). The
maximal RM dose was 1.1Gy (in cycle 1), which still falls below
the specified limit of 2Gy for a single exposure (10). The absence

of changes in the blood cell counts (Fig. 1)
does not suggest an excessive radiation
exposure of the RM.
On the basis of a preliminary organs-at-

risk dose analysis, we reduced the number of
hemodialyses in the therapy ward from 3 to
2. Across all therapy cycles, the intercycle
variability of the organs-at-risk doses did
not indicate any significant dependence on
the number of hemodialyses performed
during the RLT. Dosimetry of the hemodi-
alysis practitioners did not indicate any
untoward radiation exposure.

CONCLUSION

We report the successful treatment with
[177Lu]Lu-PSMA-617 of a prostate cancer
patient with comorbid stage 4 CKD accord-
ing to the Kidney Disease: Improving
Global Outcomes scale. There were no
adverse events, and the RLT was tolerated
well by the patient. The organs-at-risk
doses consistently fell within the dose lim-
its of the European Association of Nuclear
Medicine guidelines. This case suggests

TABLE 2
Doses for Organs at Risk for Each Therapy Cycle

Organ D1 D2 D3 D4 D5 D6

Left colic flexure 0.49 0.68 0.51 0.57 1.00 0.59

Parotid gland left 0.40 0.34 0.31 0.34 0.29 0.18

Parotid gland right 0.29 0.33 0.37 0.38 0.19 0.19

Submandibular
gland left

0.23 0.27 0.28 0.13 0.17 0.14

Submandibular
gland right

0.21 0.26 0.26 0.14 0.18 0.16

Right kidney 0.05 0.06 0.11 0.04 0.06 0.03

RM 0.15 0.10 0.11 0.12 0.14 0.11

D1 to D6 are the doses in Gy/GBq.

FIGURE 2. Visualization of cumulative organs-at-risk doses to patient with corresponding dose
limits according to European Association of Nuclear Medicine guidelines (10). We multiplied single-
exposure dose limit of 2Gy for RM by factor of 6 to reflect all therapy cycles.
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that hemodialysis treatment for chronic renal failure should not
exclude metastatic castration-resistant prostate cancer patients
from obtaining RLT and that the procedure presents little radia-
tion exposure for hemodialysis staff.
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KEY POINTS

QUESTION: Can [177Lu]Lu-PSMA-617 therapy be applied to
a patient with stage 4 CKD according to the Kidney Disease:
Improving Global Outcomes scale while undergoing hemodialysis
in the therapy ward?

PERTINENT FINDINGS: We applied 6 RLT cycles successfully
and safely to a patient with stage 4 CKD according to the Kidney
Disease: Improving Global Outcomes scale. The organ doses
were well below the recommended dose limits.

IMPLICATIONS FOR PATIENT CARE: The case suggests that
[177Lu]Lu-PSMA-617 treatment of a patient with stage 4 CKD
according to the Kidney Disease: Improving Global Outcomes
scale can be performed effectively and safely and without
exceeding organ dose limits.
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Clinical Experience with [225Ac]Ac-PSMA Treatment in
Patients with [177Lu]Lu-PSMA–Refractory Metastatic
Castration-Resistant Prostate Cancer
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For patients with advanced-stage metastatic castration-resistant pros-
tate cancer (mCRPC) who do not respond to [177Lu]Lu-PSMA therapy,
there are limited treatment options. Clinical results obtained with
[225Ac]Ac-PSMA are promising. We retrospectively analyzed the out-
comes of patients treated with [225Ac]Ac-PSMA between December
2018 and October 2022.Methods:We evaluated the treatment results
of 23 patients (mean age, 70.368.8y) with mCRPC who were refrac-
tory to treatment with [177Lu]Lu-PSMA (2–9 cycles). The safety profile
was assessed according to Common Technology Criteria for Adverse
Events version 5.0. Treatment efficacy was assessed using prostate-
specific membrane antigen PET progression criteria and prostate-
specific antigen (PSA) response according to Prostate Cancer Working
Group 2 criteria after the first cycle of [225Ac]Ac-PSMA treatment.
Results: All patients received androgen-deprivation therapy, whereas
22 (96%) and 19 (83%) patients received chemotherapy and second-
generation antiandrogen therapy, respectively. One patient received
4 cycles, 2 received 3 cycles, 8 received 2 cycles, and 12 received
1cycle of [225Ac]Ac-PSMA. The median interval between cycles was
13 wk (range, 8–28 wk). [225Ac]Ac-PSMA was administered with a
mean activity of 7.6 MBq (range, 6.2–10.0 MBq) in each cycle. Patients
were at an advanced stage of disease, and tumor burden was very
high. Although the best PSA response was observed in 5 patients
(26%) after [225Ac]Ac-PSMA treatment, there was at least some level of
decline in PSA observed in 11 patients (58%; n 5 19). Treatment
response was assessed in patients who underwent [68Ga]Ga-PSMA
PET/CT imaging. After the first cycle of treatment (n 5 18), 50% of
patients (n 5 9) showed disease progression according to prostate-
specific membrane antigen PET progression criteria, and the disease
control rate was calculated to be 50%. Median progression-free sur-
vival was 3.1mo, and median overall survival was 7.7mo. Grade 3
hematologic toxicity occurred in 1 patient, and grade 3 nephrotoxicity
was observed in another patient. Parotid SUVmax decreased by 33%,
although all patients complained of dry mouth before treatment.
Conclusion: We observed that [225Ac]Ac-PSMA therapy was safe and
showed potential even in cases with advanced-stage mCRPC in which
all other treatment options were completed.

Key Words: [225Ac]Ac-PSMA; actinium-targeted a-therapy; PSMA;
[177Lu]Lu-PSMA; prostate cancer
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Prostate cancer is the most common malignancy in men and the
second leading cause of cancer-related deaths (1). In the last decade,
several new agents have been approved for the treatment of meta-
static castration-resistant prostate cancer (mCRPC). Current standard
treatment options for mCRPC include taxane-based chemotherapy
(docetaxel and cabazitaxel) (2,3), novel androgen axis drug treatment
(abiraterone or enzalutamide) (4,5), and bone-seeking [223Ra]RaCl2
therapy (6), which are approved by the European Medicines Agency
and the U.S. Food and Drug Administration.
Prostate-specific membrane antigen (PSMA) is a glycoprotein

overexpressed on prostate cancer cells. Radiolabeled PSMA inhibitors
have been used for theranostic applications in the last decade.
[177Lu]Lu-PSMA, which emits b-particles, has been shown to be
effective and safe in the treatment of mCRPC (7,8). An international
multicenter phase III (VISION) clinical trial of [177Lu]Lu-PSMA-617
demonstrated prolonged overall survival (OS) in patients with ad-
vanced PSMA-positive mCRPC and has been approved by the Euro-
pean Medicines Agency and U.S. Food and Drug Administration (9).
However, currently, there are limited treatment options for patients
with advanced-stage mCRPC who do not respond to treatment with
[177Lu]Lu-PSMA.
Radionuclides with high linear energy transfer have a cell-killing

effect many times greater than that of particles with low linear
energy transfer. Targeted a-therapy has the advantage of targeting
any metastatic tissue and offers a good application perspective in
small tumors, scattered cancers, and micrometastases (10,11).

225Ac is an a-emitting radionuclide that can be successfully
labeled with a variety of theranostic agents (12). The clinical
results obtained with [225Ac]Ac-PSMA are promising. Recent
clinical trials using 225Ac-labeled PSMA ligands ([225Ac]Ac-
PSMA-617 or [225Ac]Ac-PSMA-I&T) have achieved remarkable
therapeutic results. Therefore, [225Ac]Ac-PSMA radioligand ther-
apy may be an effective option for mCRPC that is resistant to
b-emitting [177Lu]Lu-PSMA (13–21).
The efficacy and safety of treatments with [225Ac]Ac-PSMA,

including chemotherapy and [177Lu]Lu-PSMA–naïve patients, have
been reported in the literature. The purpose of this retrospective
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study is to evaluate the efficacy and safety of treatment with
[225Ac]Ac-PSMA in mCRPC patients who have not responded to
chemotherapy and [177Lu]Lu-PSMA treatment.

MATERIALS AND METHODS

Patients
From December 2018 to October 2022, 23 patients treated with

[225Ac]Ac-PSMA were enrolled in this single-center retrospective study.
Inclusion criteria for [225Ac]Ac-PSMA treatment were completion of first-
and second-line therapies such as abiraterone, enzalutamide, and taxane-
based chemotherapy and disease progression after at least 2 cycles of
[177Lu]Lu-PSMA treatment. Disease progression was verified by a more
than 30% increase in prostate-specific antigen (PSA), a worsening of
the patient’s clinical condition such as pain or weight loss, or observation
of new lesions on [68Ga]Ga-PSMA PET/CT scans. All patients had an
Eastern Cooperative Oncology Group performance status of 3 or lower, a
white blood cell count of more than 2,000/ml, a red blood cell count of
more than 3,000,000/ml, a hemoglobin value greater than 6 g/dL, and a
serum creatinine level of less than 2 mg/dL. All patients had a high uptake
in all of their metastatic lesions with [68Ga]Ga-PSMA PET/CT, which
was higher than liver uptake. Treatment with [225Ac]Ac-PSMA was dis-
cussed individually by three experienced nuclear medicine physicians and
recommended by a tumor board.

Exclusion criteria included urinary tract obstruction and bone mar-
row suppression as defined by Common Terminology Criteria for
Adverse Events version 5.0. All patients were informed of the poten-
tial adverse events, including xerostomia, bone marrow suppression,
and renal impairment. All patients gave written informed consent for
treatment with [225Ac]Ac-PSMA. The study was approved by the
institutional ethics committee (reference no. 1736).

Preparation of [225Ac]Ac-PSMA-617
[225Ac]AcCl3 and [225Ac]Ac(NO3)3 were provided by Oak Ridge

National Laboratory and the Institute of Physics and Power Engineering,
respectively. In-house radiolabeling was performed in a hot cell using
225Ac (1 MBq/16 nmol PSMA-617) with 0.1-M Tris buffer and 20%
ascorbic acid. Radiolabeling was performed at 95!C for 20 min. After
the reaction vessel cooled to room temperature, 0.3 mL of sterile diethyl-
enetriaminepentaacetic acid solution (3 mg mL21 of diethylenetriamine-
pentaacetic acid in saline) was added to the reaction vessel. The solution
was sterilized and filtered (0.22 mM) under aseptic conditions, and the
total volume was increased to 4–5 mL with sterile saline. The integrity of
the filter was checked by a bubble-point test. The radiochemical yield
was determined by instant thin-layer chromatography silica gel with 0.05
M citric acid as the solvent. The radiochemical yield was determined by
measuring the activity of the 218-keV g-emission from 221Fr using a
Captus 3000 well-type g-counter (Capintec Inc.) after 45 min of labeling.
The measured radiochemical yields of [225Ac]Ac-PSMA were greater
than 97% after 45 min of labeling.

Stability of [225Ac]Ac-PSMA
In saline at 37!C, 1 MBq of [225Ac]Ac-PSMA was incubated for up

to 6 h (n 5 3). At specific time points, a sample from the incubating
solution was analyzed with reversed-phase high-pressure liquid chro-
matography (RP-HPLC) to evaluate the in vitro stability of [225Ac]Ac-
PSMA. HPLC fractions were measured in the g-counter at least 20 h
after collection. Fractions measured with 440-keV g-emission from
213Bi were plotted in agreement with the tube numbers from the
RP-HPLC analysis. We used blood samples collected at 0–10 min and
urine samples collected up to 3 h after injection to assess the in vivo
stability in 3 patients. Blood samples collected from patients were
precipitated with acetonitrile (1:1) and then vortexed. The precipitate
was separated by a 5-min centrifugation. For RP-HPLC analysis, the

supernatant was diluted with double-distilled water (1:1) and then
injected into the RP-HPLC tube. Collected urine samples from patients
were diluted with double-distilled water, filtered, and immediately
analyzed using RP-HPLC. The measured counts of the fractions were
plotted according to their tube number from the RP-HPLC analysis.

Treatment
Patients received a fluid infusion of 1,000 mL of 0.9% saline for

30 min before treatment. [225Ac]Ac-PSMA was injected via slow infusion
over 5 min. The amount of injected activity was 100 kBq/kg (13). Whole-
body images were obtained between 4 and 24 h after injection using
g-rays of 221Fr (218 keV) and 213Bi (440 keV) with an energy window of
20%. A Discovery NM/CT 670 Pro (GE Healthcare) system with high-
energy general-purpose collimators was used to obtain the images. The
imaging method was a step and shoot with 15 min per step. The patients

TABLE 1
Patient Characteristics

Characteristic Value

Age (y) 70.36 8.8

PSA (ng/mL) 103.79 (0.349–727.8)

ALP (U/L) 95 (45–1,184)

LDH (U/L) 268.5 (98–2,374)

Hemoglobin (g/dL) 10.1 (7.0–12.2)

Platelet (count/mL) 154,500 (12,000–385,000)

WBC (count/mL) 5,740 (3,200–14,140)

ISUP grade group (n 5 23)

Group 1 0%

Group 2 9%

Group 3 26%

Group 4 9%

Group 5 43%

Undefined 13%

Sites of metastasis (n 5 23)

Bone 91%

Lymph node 56%

Liver 13%

Lung 22%

Leptomeningeal 4%

Subcutaneous metastasis 4%

Prior therapies (n 5 23)

Radical prostatectomy 48%

EBRT 70%

ADT 100%

Abiraterone or enzalutamide 83%

Docetaxel 96%

Cabazitaxel 43%

[177Lu]Lu-PSMA 100%

ALP 5 alkaline phosphatase; LDH 5 lactate dehydrogenase;
WBC 5 white blood cell; ISUP 5 International Society of Urological
Pathology; EBRT 5 external-beam radiation therapy; ADT 5

androgen-deprivation therapy.
Continuous data are median and range or mean 6 SD.
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were observed every 60 min for 5 h to record vital signs such as blood
pressure, body temperature, and pulse rate. Additionally, patients were
monitored for any complaints of pain, vomiting, and nausea for 24 h
according to the standard institutional protocol for all in-patient treatments.

Response Evaluation, Survival, and Toxicity
Response to [225Ac]Ac-PSMA treatment was determined from serial

measurements of serum PSA levels 1 wk before and every 4 wk after
[225Ac]Ac-PSMA treatment and by [68Ga]Ga-PSMA PET/contrast-
enhanced CT within 4 wk before and 8–12 wk after treatment. Response
was assessed according to Prostate Cancer Clinical Trials Working
Group 2 criteria (22) as a PSA decrease of at least 50% and a decrease
from baseline. [68Ga]Ga-PSMA PET/CT was repeated 8–12 wk after
each treatment cycle and until disease progression or death. Radiologic
evidence of disease progression was assessed according to PSMA PET
progression criteria (23). Progression-free survival (PFS) and OS were
calculated from the date of the first [225Ac]Ac-PSMA administration to
disease progression or death. Adverse events were documented accord-
ing to Common Terminology Criteria for Adverse Events version 5.0.
The total tumor volume (TTV) was determined from [68Ga]Ga-PSMA
PET/CT images using LIFEx version 7.2.0 (LIFExsoft) (24). A SUV
threshold of at least 3.0 was used for tumor segmentation. The mean
SUVmax of the parotid glands at baseline and at follow-up [68Ga]Ga-
PSMA PET/CT scans was calculated using a threshold value of 42% of
maximum pixel value.

Statistical Analysis
Statistical analysis was performed using SPSS version 25.0 (IBM).

PFS and OS with a 95% CI were estimated by the Kaplan–Meier
method. Multivariate analysis was performed using Cox regression anal-
ysis in sequential order of statistical significance, variables that were
found to be significant in the univariate analysis, followed by the interac-
tive terms. Baseline factors included age, cumulative [225Ac]Ac-PSMA
activity, International Society of Urological Pathology grade group classi-
fication, baseline PSA levels, a PSA level with at least a 50% decline,
lymph node, bone, visceral, and liver metastases, TTV, baseline hemo-
globin levels, white blood cell counts, platelet counts, alkaline phospha-
tase levels, and lactic dehydrogenase levels. We also dichotomized the
following clinical covariates: International
Society of Urological Pathology grade group,
PSA decline of at least 50%, and the presence
of lymph node, bone, and liver metastasis. A
P value of less than 0.05 was considered statis-
tically significant. A Wilcoxon signed-rank test
was performed to reveal changes in both TTV
and SUVmax of the salivary glands before and
after treatment with [68Ga]Ga-PSMA PET/CT.

RESULTS

Patient Characteristics
All patients treated in the study were in

advanced stages of mCRPC. The mean age
of the patients was 70.368.8 y. According
to the International Society of Urological
Pathology grade group classification, most
patients were diagnosed as grade group 5.
Descriptions of patient characteristics are
shown in Table 1.
All patients had undergone a median of

4.5 cycles (range, 2–9 cycles) of [177Lu]Lu-
PSMA treatment. All patients did not re-
spond to [177Lu]Lu-PSMA treatment and had

disease progression according to PSA levels and [68Ga]Ga-PSMA
PET/CT images obtained before [225Ac]Ac-PSMA treatment.
Patients who had experienced biochemical and clinical progression
after [177Lu]Lu-PSMA treatment were discussed with the hospital
tumor board, and [225Ac]Ac-PSMA treatment was decided. The
mean interval between [177Lu]Lu-PSMA and [225Ac]Ac-PSMA
treatment was 10 wk (range, 6–26 wk).
One patient received 4 cycles, 2 received 3 cycles, 8 received

2 cycles, and 12 received 1 cycle of [225Ac]Ac-PSMA (a total
of 34 cycles). The median interval between [225Ac]Ac-PSMA treat-
ment cycles was 13 wk (range, 8–28 wk). The mean administered
activity of [225Ac]Ac-PSMA was 7.6 MBq (range, 6.2–10.0 MBq)
in each cycle. Although the interval between cycles was planned to
be 8–10 wk, some patients were unable to initiate treatment in a
timely manner because of 225Ac supply shortages and travel
restrictions during the coronavirus disease 2019 pandemic.

Stability of [225Ac]Ac-PSMA
RP-HPLC analyses of the saline incubation samples showed

a single radioactivity peak corresponding to [225Ac]Ac-PSMA.
However, a slight decrease of the in vitro stability of [225Ac]Ac-
PSMA was observed after 6 h in the saline incubation (Figs. 1A
and 1B). A slight decrease of the in vitro stability was also
observed with instant thin-layer chromatography, but still the
radiochemical yield was higher than 95%.
RP-HPLC analyses of the blood and urine samples showed a

single radioactivity peak corresponding to [225Ac]Ac-PSMA; how-
ever, a slight decrease of the in vivo stability was also observed in
the blood and urine after the injection (Figs. 1C and 1D). Stability
in the blood could be checked only 10min after the injection, and
[225Ac]Ac-PSMA remained stable for up to 10min.

Toxicity and Side Effects
[225Ac]Ac-PSMA administration was well tolerated. We did not

observe any complications during the injection. No changes in blood
pressure, body temperature, or pulse rate were observed for 5 h.

FIGURE 1. RP-HPLC profiles of 1 MBq of [225Ac]Ac-PSMA from reaction vial (A), incubated in
saline at 6h (B), in blood after 8-MBq injection of radioligand in patient at 0–10min (C), and in urine
after 8-MBq injection of radioligand in patient at 3h (D). cpm5 counts per minute.

1576 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 10 & October 2023



Before the [225Ac]Ac-PSMA therapy, 2 patients had grade 3
nephrotoxicity; the remaining patients had grade 1 or 2 hematologic
toxicity, and 4 patients had grade 1 or grade 2 nephrotoxicity due
to previous treatments. In 1 patient, grade 1 to grade 3 hematologic
toxicity was observed after 3 cycles of treatment. In 3 patients,
grade 1 to grade 2 hematologic toxicity was observed after the first
cycle of treatment. In 1 patient, grade 1 to grade 3 nephrotoxicity
was observed after 2 cycles of treatment. The nephrotoxicity rate
was 7%, and the total hematotoxicity rate was 28%.
All patients complained of dry mouth before and after treatment,

but none of them complained from dysphagia as defined in Com-
mon Terminology Criteria for Adverse Events version 5.0. Mean
parotid SUVmax was 12.26 3.9 before treatment and decreased to
8.26 2.8 (33% decrease) after the first cycle of [225Ac]Ac-PSMA
treatment (n 5 18, P 5 0.001).

Efficacy and Survival
According to the [68Ga]Ga-PSMA PET/CT images obtained

8–12 wk after the first treatment cycle (n 5 18), 50% of patients
(n 5 9) showed disease progression according to the PSMA PET
progression criteria, and the disease control rate was calculated to
be 50%. [68Ga]Ga-PSMA PET/CT was not available to 5 patients
because of an immediate deterioration of their clinical condition.
After the first cycle of treatment, a decrease in PSA was observed
in 11 of 19 patients (58%), and a decrease in PSA of more than
50% was observed in 5 of 19 patients (26%) (Fig. 2A).
The median baseline TTV (n 5 17) on [68Ga]Ga-PSMA

PET/CT was 1,265 cm3 (range, 99–6,450 cm3), whereas the TTV
after the first cycle of [225Ac]Ac-PSMA treatment was 1,085 cm3

(range, 85–5,170 cm3). The change in TTV is shown in Figure 2B.
The total number of patients in this analysis was 17 because the
baseline images of 1 patient could not be processed with LIFEx
software.
Univariate analysis showed that decreases in PSA of more than

50%, the presence of visceral and liver metastases, baseline TTV,
baseline hemoglobin levels, and alkaline phosphatase and lactic dehy-
drogenase levels were significantly associated with OS (P , 0.05,
95% CI). Multivariate analysis showed that baseline TTV remained
an individual predictor of OS (P 5 0.038, 95% CI). On the other
hand, the International Society of Urological Pathology grade group,
baseline PSA levels, and bone metastases were found to be related to
PFS (P, 0.05, 95% CI; Table 2).
For all patients, based on the first [225Ac]Ac-PSMA treatment,

the median PFS and median OS were 3.1 and 7.7mo, respectively
(Fig. 3). The estimated median OS plots for the selected para-
meters of the univariate analysis are shown in Figure 4.

DISCUSSION

Treatment with a-particle radiation has distinct advantages over
treatment with b-particles, including a shorter range and a high linear
energy transfer property. In addition, a-emitting isotopes are less
dependent on the oxygen content of the tumor. These biologic advan-
tages may explain why targeted a-therapy is superior to b-therapy.
However, because of the short range of a-particles, the cross-fire
effect may be less than with b-particles. Combination therapy with
a- and b-particles may compensate for the lack of a cross-fire
effect (25). The radiobiologic properties of 225Ac for labeling with
the PSMA molecule may provide a reasonable alternative. In this
study, we investigated the in vivo and in vitro stability of [225Ac]Ac-
PSMA. The radiolabeling process of [225Ac]Ac-PSMA is very similar
to that of [177Lu]Lu-PSMA and remains quite stable in vivo and
in vitro. The in vitro stability of [225Ac]Ac-PSMA decreased slightly

in saline, but the radiochemical yield was still
higher than 95% after 6h of incubation in
saline. [225Ac]Ac-PSMA remained stable for
up to 10min in the blood and for up to 3h in
urine. In addition, we observed no side
effects during injection and no change in
patients’ vital signs for at least 5h after injec-
tion of [225Ac]Ac-PSMA.
Treatment with [177Lu]Lu-PSMA is well

established in mCRPC patients. However,
many of these patients become resistant to
[177Lu]Lu-PSMA treatment, and there are
limited treatment options left for this patient
group. [225Ac]Ac-PSMA treatment is a new

FIGURE 2. Waterfall plot demonstrating percentage change of PSA (A) and TTV (B) after first cycle
of [225Ac]Ac-PSMA treatment.

TABLE 2
Univariate Analysis of Correlation Between Analyzed

Variables and Survival

Variable

P

PFS OS

Age (y) 0.341 0.994

Cumulative activity 0.395 0.233

ISUP grade group 0.010* 0.591

Baseline PSA level 0.033* 0.391

PSA $ 50% decline 0.081 0.005*

Lymph node metastasis 0.518 0.125

Bone metastasis 0.029* 0.461

Visceral metastasis 0.431 0.021*

Liver metastasis 0.170 ,0.001*

TTV 0.058 ,0.001*

Hemoglobin 0.359 0.007*

White blood cell count 0.964 0.964

Platelet count 0.226 0.330

ALP 0.058 0.016*

LDH 0.108 0.038*

*Statistically significant.
ISUP 5 International Society of Urological Pathology; ALP 5

alkaline phosphatase; LDH 5 lactate dehydrogenase.
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radionuclide treatment option, but there are very few publications in
the literature on the topic. In the first report of [225Ac]Ac-PSMA
therapy, which included 2 patients, the serum PSA levels were
shown to have decreased below detectable levels with limited toxic-
ity in both patients, and both patients responded completely to
[68Ga]Ga-PSMA imaging (13). This early observation is promising
in this area. In the analysis of 38 patients, some PSA decline was
observed in 33 patients (87%), and there was a PSA decline of more
than 50% in 24 patients (63%) (26). The median duration of tumor
control was 9mo. In another study of 73 patients with mCRPC,
some PSA decline was observed in 60 patients (82%), and there was

a PSA decline of more than 50% in 51 patients (70%) (17). The esti-
mated median PFS and OS were 15.2 and 18mo, respectively. In
our study, after the first cycle of [225Ac]Ac-PSMA treatment, a PSA
response of at least 50% was observed in 5 patients (26%) (Fig. 5),
with some decline in PSA in 11 patients (58%). The survival times
were shorter, and the PSA response rates were relatively lower. We
believe that the explanation for the lower response rate is related to
patient-selection criteria. These studies included chemotherapy or
[177Lu]Lu-PSMA–naïve patients. In our study, all patients underwent
all standard treatment options and also showed disease progression
after at least 2 cycles of [177Lu]Lu-PSMA treatment. On the contrary,

FIGURE 3. PFS (A) and OS (B) estimates from Kaplan–Meier analysis based on first [225Ac]Ac-PSMA treatment date.

FIGURE 4. Survival analysis of patients who showed more than 50% PSA decline (A), any PSA decline (B), liver metastasis (C), and TTV of more than
1,000 cm3 (D).
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the study by Feuerecker (20), which treated a cohort of patients simi-
lar to that in our study, showed that the median PSA PFS, clinical
PFS, and OS were 3.5, 4.1, and 7.7mo, respectively, which were sim-
ilar to our study. Consistent with our study, they also showed that
liver metastases were associated with shorter PSA PFS (median, 1.9
vs. 4.0mo; P 5 0.02), clinical PFS (median, 1.8 vs. 5.2mo; P 5
0.001), and OS (median, 4.3 vs. 10.4mo; P5 0.01) (Figs. 3 and 4).
Rosar et al. (27) examined the importance of assessing early

molecular-imaging response based on total viable tumor burden
and its relationship to OS. Alkaline phosphatase levels, Eastern
Cooperative Oncology Group classification, and biochemical and
molecular-imaging response assessments were all significantly asso-
ciated with OS according to univariate analysis. They showed that
molecular-imaging response assessment, high alkaline phosphatase
levels of at least 220U/L, and an Eastern Cooperative Oncology
Group of 2 or higher remained independent predictors of OS, with
hazard ratios of 2.76, 3.08, and 2.21, respectively. Similarly, we
demonstrated that the presence of liver metastasis, a high total
tumor burden, and the absence of a PSA response decline of more
than 50% shortened OS. Disease progression occurred earlier in
patients with bone metastases and high baseline PSA levels. In our
study, tumor burden was quite high (median TTV, 1,265 cm3),
which was due to our end-stage patient population. Accordingly,
multivariate analysis showed that baseline TTV remained an inde-
pendent predictor of OS (P , 0.05, 95% CI). This finding may sug-
gest that an early treatment decision may be beneficial, and better
outcomes may be achieved when patients with lower TTV receive
[225Ac]Ac-PSMA therapy.
In the safety analysis, no relevant hematologic toxicity was

observed, and xerostomia was the only clinical side effect worth
mentioning (13). On the other hand, in a recent metaanalysis (28),
the rate of hematotoxicity after [225Ac]Ac-PSMA treatment was
calculated to be 30%, which is comparable to that in our study.
We observed grade 3 and grade 2 hematotoxicity in 7% and 21%
of patients, respectively. As for nephrotoxicity, grade 3 nephrotox-
icity was observed in 1 patient (7%) in our study. In the same
metaanalysis, a nephrotoxicity rate of 21% was reported.

Regarding nephrotoxicity, our results were
quite low when compared with the
metaanalysis.
In a recent article, Lawal et al. (21) also

reported low hematologic toxicity in patients
with extensive skeletal metastases and a rela-
tively high TTV. They found that age, num-
ber of treatment cycles, and the presence of
renal dysfunction predicted hematologic tox-
icity. Although prior therapies such as che-
motherapy or [177Lu]Lu-PSMA therapies
had an impact on the occurrence of hemato-
logic toxicity in univariate analysis, it did
not appear to be a predictive factor in multi-
variate analysis in their study. Our toxicity
results were similar to those reported in their
study. However, the average number of
treatment cycles with [225Ac]Ac-PSMA was
lower in our study. Therefore, the toxicity
results should be interpreted with caution.
The most common reason for discontin-

uation of [225Ac]Ac-PSMA treatment was
xerostomia, which may affect up to 10% of

patients, according to published studies (13). We observed that sali-
vary gland uptake in [68Ga]Ga-PSMA PET/CT images decreased
significantly after the first cycle of treatment. Cooling of the sali-
vary glands with ice has been widely used to prevent xerostomia
(29). However, the beneficial effect of cooling in the prevention of
xerostomia has not yet been reported in the literature. Therefore,
we did not use cooling, which is quite uncomfortable for patients.
None of our patients discontinued treatment because of xerostomia,
and we did not observe the patients to have any swallowing pro-
blems. However, all patients complained of dry mouth before and
after treatment.
The main limitations of this study are that it is a retrospective

study of a single center and the cohort is small. The toxicity results
of this study should be interpreted with caution because a substan-
tial number of patients were treated with only 1 cycle of [225Ac]Ac-
PSMA therapy. On the other hand, most of these patients had very
large TTVs and were treated intensively before [225Ac]Ac-PSMA
therapy. Nevertheless, these patients did not develop significant
toxicity. Long-term toxicity is also unknown because of the limited
duration of the follow-up. Because of the pandemic and a group of
patients who had to travel from abroad, follow-up data were lack-
ing for some patients. However, the available data were sufficient
to draw a conclusion for the short-term period.

CONCLUSION

We observed that [225Ac]Ac-PSMA therapy was safe and effec-
tive, and toxicities were manageable. The treatment has potential
even in advanced-stage mCRPC patients in whom almost all treat-
ment options were completed. In patients with liver metastases
and high TTV, an association with low OS was noted, and the
benefits and risks of [225Ac]Ac-PSMA treatment should be care-
fully weighed.
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FIGURE 5. Pretreatment and posttreatment [68Ga]Ga-PSMA PET maximum-intensity projection
images of patient showing partial response.
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KEY POINTS

QUESTION: Is treatment with [225Ac]Ac-PSMA safe and effective
in patients with mCRPC who are refractory to [177Lu]Lu-PSMA?

PERTINENT FINDINGS: Treatment with [225Ac]Ac-PSMA appears
to be safe and may be particularly effective in patients with low
TTV and in patients without liver metastases.

IMPLICATIONS FOR PATIENT CARE: [225Ac]Ac-PSMA
treatment may be an alternative for patients who have no other
options.
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Using 11C-CHDI-180R PET in a Nonhuman Primate Model
of Huntington Disease

Daniele Bertoglio*1,2, Alison R. Weiss*3, William Liguore3, Lauren Drew Martin4, Theodore Hobbs4, John Templon5,
Sathya Srinivasan6, Celia Dominguez7, Ignacio Munoz-Sanjuan7, Vinod Khetarpal7, Jeroen Verhaeghe2, Steven Staelens2,
Jeanne Link5, Longbin Liu7, Jonathan A. Bard7, and Jodi L. McBride3,8

1Bio-Imaging Lab, University of Antwerp, Antwerp, Belgium; 2Molecular Imaging Center Antwerp, University of Antwerp, Antwerp,
Belgium; 3Division of Neuroscience, Oregon National Primate Research Center, Beaverton, Oregon; 4Division of Animal Resources
and Research Support, Oregon National Primate Research Center, Beaverton, Oregon; 5Center for Radiochemistry Research, Oregon
Health and Science University, Portland, Oregon; 6Integrated Pathology Core, Oregon National Primate Research Center, Beaverton,
Oregon; 7CHDI Management/CHDI Foundation, Los Angeles, California; and 8Department of Behavioral Neuroscience, Oregon
Health and Science University, Portland, Oregon

Huntington disease (HD) is a neurodegenerative disorder caused by
an expanded polyglutamine (CAG) trinucleotide expansion in the hun-
tingtin (HTT) gene that encodes the mutant huntingtin protein (mHTT).
Visualization and quantification of cerebral mHTT will provide a proxy
for target engagement and a means to evaluate therapeutic interven-
tions aimed at lowering mHTT in the brain. Here, we validated the
novel radioligand 11C-labeled 6-(5-((5-methoxypyridin-2-yl)methoxy)-
benzo[d]oxazol-2-yl)-2-methylpyridazin-3(2H)-one (11C-CHDI-180R)
using PET imaging to quantify cerebral mHTT aggregates in a
macaque model of HD. Methods: Rhesus macaques received MRI-
guided intrastriatal delivery of a mixture of AAV2 and AAV2.retro viral
vectors expressing an HTT fragment bearing 85 CAG repeats (85Q,
n 5 5), a control HTT fragment bearing 10 CAG repeats (10Q, n 5 4),
or vector diluent only (phosphate-buffered saline, n 5 5). Thirty
months after surgery, 90-min dynamic PET/CT imaging was used to
investigate 11C-CHDI-180R brain kinetics, along with serial blood
sampling to measure input function and stability of the radioligand.
The total volume of distribution was calculated using a 2-tissue-
compartment model as well as Logan graphical analysis for regional
quantification. Immunostaining for mHTT was performed to corrobo-
rate the in vivo findings. Results: 11C-CHDI-180R displayed good
metabolic stability (51.4% 6 4.0% parent in plasma at 60min after
injection). Regional time–activity curves displayed rapid uptake and
reversible binding, which were described by a 2-tissue-compartment
model. Logan graphical analysis was associated with the 2-tissue-
compartment model (r2 5 0.96, P , 0.0001) and used to generate
parametric volume of distribution maps. Compared with controls, ani-
mals administered the 85Q fragment exhibited significantly increased
11C-CHDI-180R binding in several cortical and subcortical brain
regions (group effect, P , 0.0001). No difference in 11C-CHDI-180R
binding was observed between buffer and 10Q animals. The presence
of mHTT aggregates in the 85Q animals was confirmed histologically.

Conclusion: We validated 11C-CHDI-180R as a radioligand to visual-
ize and quantify mHTT aggregated species in a HD macaque model.
These findings corroborate our previous work in rodent HD models
and show that 11C-CHDI-180R is a promising tool to assess the
mHTT aggregate load and the efficacy of therapeutic strategies.

Key Words: mHTT; Huntington disease; nonhuman primate; PET;
brain
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Huntington disease (HD) is an autosomal dominant neurode-
generative disorder caused by an expanded polyglutamine (CAG)
repeat in exon 1 of the huntingtin (HTT) gene (1,2). This mutated
gene encodes the mutant huntingtin protein (mHTT), which is
cleaved into N-terminal fragments, accumulates into intracellular
inclusion bodies, and plays a pathophysiologic role in neurodegen-
eration (3–6). These neuropathologic features are known to
severely impact the caudate and putamen (collectively, the stria-
tum) but are also evident in several other cortical and subcortical
brain regions (3,7,8). Several promising therapeutic candidates
aimed at lowering mHTT in the brain have been developed and
are undergoing clinical evaluation (9–11). In this context, quanti-
fying the brainwide spatial distribution of mHTT protein with
region-level resolution offers a proxy for target engagement and
evaluation of the regional pharmacologic effects of such therapeu-
tic interventions (9). Toward this goal, we evaluated 11C-labeled
6-(5-((5-methoxypyridin-2-yl)methoxy)benzo[d]oxazol-2-yl)-2-
methylpyridazin-3(2H)-one (11C-CHDI-180R) as a ligand specific
for mHTT aggregates that is cell- and brain-permeable and has
high affinity (1–3 nM) and selectivity (12–14). Recently, we
reported that 11C-CHDI-180R PET imaging can noninvasively
quantify mHTT brain aggregates in HD mouse models and offers
insight into the time-, dose-, and region-specific pharmacodynamic
activity in distinct mHTT-lowering interventional paradigms (15).
Application of 11C-CHDI-180R in larger animal models of HD

would be beneficial in monitoring future HTT-lowering efficacy stud-
ies. We recently created an adeno-associated virus (AAV)–mediated
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rhesus macaque model of HD wherein mHTT is expressed through-
out the caudate, putamen, and several cortical and subcortical brain
regions, in a pattern similar to that observed in people with HD (16).
Immunohistochemical studies using monoclonal antibodies for
(m)HTT in this model have verified the formation of EM48- and
2B4-positive mHTT aggregates in these same brain regions (16,17).
Furthermore, this macaque model shows working memory impair-
ment and motor dysfunction (chorea, dystonia, tremor, incoordina-
tion) and develops structural and functional corticostriatal changes
including mild atrophy, increased white matter diffusivity, reduced
cerebral glucose metabolism, and altered striatal D2/3 receptor density
(17,18).
Here, we investigated the novel radioligand 11C-CHDI-180R

using PET imaging at 30mo after surgery in the HD macaque
model and controls. Specifically, we assessed the plasma profile of
11C-CHDI-180R, examined kinetic models for the volume of dis-
tribution (VT) estimation, and explored its capability for quantifica-
tion of mHTT aggregates and correspondence with behavioral
phenotypes.

MATERIALS AND METHODS

Animals
Fourteen rhesus macaques (aged 7–14y; weight, 5.5–13.6 kg; 10

female and 4 male) were used in this study. All animals received MRI-
guided stereotactic injections of a 1:1 mixture of AAV2.retro and
AAV2 at a titer of 1e12 vg/mL (2e12 vg/mL combined) expressing a
fragment of mHTT with 85 CAG repeats (85Q), a control fragment of
HTT with 10 CAG repeats (10Q), or a buffered saline injection w/F-
Pluronic (BASF Corp.) (5 with AAV2:2retro-HTT85Q, 4 with
AAV2:2retro-HTT10Q, and 5 with phosphate-buffered saline). Viral
vectors were infused into the caudate and putamen (2 injections per
region per hemisphere; total of 8 injections per animal), for a total vol-
ume of 330mL per hemisphere, as reported in detail previously (17).

The guidelines specified in the National Institutes of Health Guide
for the Care and Use of Laboratory Animals were strictly followed.
All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee and the Institutional Biosafety Commit-
tee at the Oregon National Primate Research Center and Oregon
Health and Science University.

Tracer Radiosynthesis
11C-CHDI-180R was synthesized using an automated module (TRA-

CERlab FXC; GE Healthcare) by adapting a method we previously
described (15). The CHDI-180R precursor was radiolabeled by mixing
the precursor (0.5–1.2mg) with dimethylsulfoxide (100650mL) and
4–10mg of cesium carbonate (Cs2CO3). Then,

11C-CH3I was synthesized
using a TRACERlab FX2-MEI box and bubbled into the vented reaction
vial. The reaction was heated at 60!C 6 5!C for 1min, after which
0.9mL of the preparative mobile phase (0.10M ammonium formate:ace-
tonitrile; 60:40 v/v) was added to the reaction and the reaction mixture
was injected onto a semipreparative high-performance liquid chromatog-
raphy (HPLC) column (BetaBasic C18 7.6-mm outer diameter 3 250-
mm length; Thermo Scientific) at a flow rate of 1–1.5mL/min. The
radioactive product was passed through a sterilizing 0.2-mm filter in a
volume of 1–1.5mL to an empty sterile vial. The product radioactivity
was assayed and diluted with sterile, preservative-free 0.9% saline. The
mass of 11C-CHDI-180R in the product was analyzed using HPLC mass
spectrometry with ultraviolet and radiation detection to determine product
radiochemical purity, chemical purity, injected mass, and identity. 11C-
CHDI-180R was synthesized with a radiochemical purity of more than
99% and a molar activity of 1,4126556 GBq/mmol (mean 6 SEM) at
the end of synthesis.

Dynamic PET/CT Acquisition
Dynamic 90-min PET/CT imaging was performed using a Discov-

ery MI 710 PET/CT imaging system (GE Healthcare). The animals
were anesthetized with ketamine HCl (10–15mg/kg intramuscularly),
intubated, and maintained on 1%–2% isoflurane in oxygen. A saphe-
nous intravenous catheter was placed for ligand administration, and a
saphenous artery catheter, for blood collection. Before each PET scan,
an 8-s CT scan was acquired using 100 kV and 50mA for coregistra-
tion, attenuation, and scatter correction. A bolus of radioligand
(131.36 46.9 MBq) was injected manually over a 30-s interval imme-
diately after the start of the 90-min dynamic PET scan. The resulting
total injected mass was 0.0556 0.03mg/kg. Detailed information on
the animal and dosing parameters is provided in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).
No significant difference in any of the dosing parameters was
observed among the experimental groups. Dynamic PET data were
acquired in list-mode format and were subsequently reconstructed into
28 frames of increasing length (43 15 s, 43 30 s, 43 60 s, 43 120 s,
93 300 s, and 33 600 s) using the GE Healthcare software (Q.clear
technology). Normalization, scatter, dead time, and CT-based attenua-
tion corrections were applied. PET image frames were reconstructed
on a 1203 100 3 52 grid with 1.8233 1.8233 2.780mm voxels.

Input Function and Radiometabolite Analysis
In parallel to the PET acquisition, serial arterial blood samples were

obtained to calculate arterial input functions and correct for the pres-
ence of plasma radiometabolites (15). Sixteen blood samples (1mL
each) at 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 5, 8, 15, 30, 45, 60, 75, and
90min after injection were collected in 3-mL heparinized syringes. At
each time point, radioactivity was measured in 300mL of whole blood
and 300mL of plasma in a cross-calibrated g-counter (Wizard2; Perki-
nElmer) and used to calculate the plasma–to–whole-blood ratio. An
additional 1.0mL of arterial blood was collected at 5, 15, 30, 45, 60,
75, and 90min after injection to measure the parent fraction during the
scan and correct the plasma input function for radiometabolites. After
separation via a centrifuge (33,000 relative centrifugal force for
5min), 100mL of deproteinated plasma supernatant were loaded onto
a preconditioned reverse-phase HPLC column (Phenomenex Luna
C18 (2) 5-mm HPLC column [2503 4.6mm] plus Phenomenex secu-
rity guard precolumn) and eluted with sodium acetate buffer (0.05M,
pH 5.5) and acetonitrile (55:45 v/v) for 12min at a flow rate of
1mL/min. After elution, 2-min HPLC fractions were collected and
measured in the g-counter for quantification of the radiometabolite
and parent fractions. The radioactivity associated with each peak was
expressed as a percentage of the total area of the peaks based on the
radiochromatograms to allow determination of the percentage contri-
bution of the parent ligand to the total radioactivity signal at each sam-
pling time.

With PMOD software (version 4.2; PMOD Technologies), individual
metabolite-corrected plasma arterial input function for kinetic modeling
of the PET data were obtained by correcting individual input functions
by parent fraction values fitted with a sigmoid curve, as well as correcting
for the plasma-to-whole blood ratios. The plasma free fraction was
assessed (Supplemental Fig. 1) but not considered for quantification
given the limited accuracy when measured through ultrafiltration.

Image Processing and Analysis
PET data were analyzed and processed using PMOD software. Spa-

tial normalization of PET images to ONPRC18 MRI template space
(19) was performed using individual T2-weighted MR images collected
as part of an ongoing longitudinal study with the same animals (17).
Once the dynamic PET images were normalized to the template space,
the volumes of interest defined by the template were used to extract
regional time–activity curves for cerebral gray and white matter regions.
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This animal model displays only a mild atrophy ($5% volume change
over time) in the striatum and cortex; therefore, partial volume correc-
tion was not needed (17).

In line with our previous observation in mice (15), 11C-CHDI-180R
kinetics were described by a 2-tissue-compartment model or Logan
plot method (20). Thus, quantification of the total VT was achieved
using a 2-tissue-compartment model with blood volume fraction (VB)
fixed at 4%, after testing 3.5% and 4.5%, based on fitting of the
model. The linear phase for the Logan plot was determined from the
curve fitting based on 10% maximal error. For 1 animal (ID12), blood
data were not available for the first 2.5min; therefore, 2-tissue-
compartment model data were not available for this animal.

To evaluate the time stability of the VT estimates, PET data were rea-
nalyzed by excluding the last 10min of the PET acquisition from 90 to
40min. The VT estimates obtained using the 90-min PET acquisition
were considered the reference outcome with which values from shorter
acquisitions were compared. VT estimates were considered acceptable
if the mean percentage difference compared with the 90-min PET
acquisition was below 10%, with an interindividual SD lower than 5%.

Parametric images were generated with PMOD software using the
pixelwise modeling tool (PXMOD) through voxel-based graphical
analysis (Logan plot). Parametric maps are not smoothed and are
represented as group averages and overlaid onto the study-specific
MRI brain template for anatomic reference. Voxelwise statistical anal-
ysis of the parametric VT maps was performed using statistical para-
metric mapping (SPM, version 12; Wellcome Department of Imaging
Neuroscience). Statistical T-maps were calculated for a peak voxel
threshold of P 5 0.01 (uncorrected) and a cluster of at least 10 voxels
(k . 10). First, we confirmed the lack of significantly increased or
decreased voxels between control groups (buffer and 10Q); next, we
combined the control groups and compared them with the 85Q. The
85Q group did not display any reduced voxels; therefore, only clusters
of increased binding are reported.

Behavioral Measures
As part of a previous longitudinal experiment, all 14 animals

involved in this study completed a behavioral assessment of motor and
cognitive function a few weeks before 11C-CHDI-180R scanning (17).
Briefly, motor phenotypes were assessed with a nonhuman-primate
(NHP)–specific rating scale modified from the Unified Huntington’s
Disease Rating Scale, and cognitive capacities were measured using the
3-Choice Spatial Delayed Response task. Full methodologic details on
these tasks are included in a previous work (17).

Immunostaining
Brain sections were immunohistochemically stained as previously

described (16). Briefly, 40-mm-thick sections were incubated with the 2B4
antibody against (m)HTT (1-82aa, MAB5492, 1:1,000; Millipore) and a
goat antimouse secondary antibody (BA-9200, 1:500; Vector Laboratories).
The signal was developed using a standard Vectastain ABC kit (PK6100;
Vector Laboratories) with subsequent incubation in 3,39-diaminobenzidine
(112080050; Sigma) and nickel (II) sulfate hexahydrate (N4882; Sigma)
intensification. Images magnified to 34 and 320 were captured on an
Olympus BX51 microscope with an Olympus DP72 camera controlled by
the Olympus cellSens program from representative cases.

Statistical Analysis
A 2-way ANOVA with Holm–"Sid!ak multiple comparison testing

was applied to compare 11C-CHDI-180R scan parameters and VT

among experimental groups in the different brain structures. Pearson
correlation tests were used to compute all correlations. Statistical anal-
yses were performed using Prism (version 9; GraphPad) and SPSS
(version 28.0; IBM). Data are represented as mean 6 SD. All tests
were 2-tailed, and significance was set at a P value of less than 0.05.

RESULTS

Blood Analysis
Serial blood samples were collected from animals in all groups

during each scan to derive the individual metabolite-corrected plasma
arterial input function for kinetic modeling of the PET data. No
apparent difference in radiometabolite profile of the radioligand was
observed among the 3 experimental groups. After intravenous injec-
tion, the overall parent fraction (11C-CHDI-180R) appeared to
decrease slowly with time (Fig. 1A), accounting for 51.4% 6 4.0%
of the total plasma radioactivity at 60min after injection (Fig. 1B);
the decline profile was described by a sigmoid fit. With radio-HPLC,
only polar radiometabolites could be identified, suggesting low
potential for brain-penetrant species. Finally, the plasma–to–whole-
blood ratio did not show any apparent change over time (Fig. 1C),
although, at the group level, it was best described by a quadratic fit
(Fig. 1D). The plasma free fraction was 44.2% 6 9.3% and did not
differ among the 3 experimental groups (Supplemental Fig. 1).

Description of 11C-CHDI-180R by a 2-Tissue-Compartment
Model
We evaluated 11C-CHDI-180R kinetics in animals from all groups

by performing 90-min dynamic PET acquisitions after intravenous
injection. Representative brain regions with high (putamen) and low
(cerebellum) 11C-CHDI-180R uptake during the 90-min acquisition
are reported in Figure 2A. 11C-CHDI-180R displayed rapid cerebral
uptake, peaking within 3min after injection, with fast washout.
Reversible kinetics were described by a 2-tissue-compartment model
(Fig. 2A). A description of microparameters and goodness of fit is
available in Supplemental Table 2. In line with the rodent findings
(15), the Logan graphical analysis was a valid alternative to obtain
VT estimates based on 4 different brain regions (r2 5 0.96, P ,
0.0001) (Fig. 2B).
In a second exploratory analysis, data from the 90-min scans were

reanalyzed, assessing scanning intervals ranging from 90 to 40min.
The time stability of VT estimates based on Logan graphical analysis

FIGURE 1. Blood analysis of 11C-CHDI-180R in NHPs. Parent fraction pro-
file in plasma for individual subjects (A) as well as group profile (B). Plasma–
to–whole-blood ratio for individual subjects (C) as well as group profile (D)
over time after intravenous injection of 11C-CHDI-180R. Not all samples were
available at 90min because of radioactive decay. Data in B and D are mean
6 SD (n5 14). p.i.5 after injection; WB5 whole blood.
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indicated an underestimation of the outcome parameter with shorten-
ing of the scan acquisition (Fig. 2C). Nonetheless, VT estimates based
on a 60-min acquisition were comparable to the values obtained with
the 90-min acquisition with a deviation of 25.3% 6 3.2%. This was
also confirmed by the strong correlation in VT measures obtained
with the different scan durations (slope 5 0.939, r2 5 0.98, P ,
0.0001) (Fig. 2D), indicating that a scan acquisition of a minimum of
60min is reliable for estimation of 11C-CHDI-180R VT.

Detection of mHTT in an NHP Model of HD by 11C-CHDI-180R
PET Imaging
We previously demonstrated that intrastriatal delivery of AAV2

or AAV2.retro expressing 85Q leads to transduction of the caudate
and putamen and of several other brain structures, resulting in the
expression of mHTT and the formation of 2B4- and EM48-
postitive mHTT aggregates in these brain regions (16,17). Accord-
ingly, evident binding in the parametric 11C-CHDI-180R VT map
for the 85Q group was visible in several cerebral structures com-
pared with the buffer or 10Q-injected control groups (Fig. 3A).
Regional analysis of 11C-CHDI-180R VT revealed a statistically
significant main effect of group (F(2,748) 5 165.1, P , 0.0001),
with no effect of brain region (F(67,748) 5 1.226, P 5 0.1127) or
interaction (group 3 brain region) (F(134,748) 5 0.205, P . 0.99).
Post hoc group analysis indicated a statistically significant differ-
ence between 85Q and control groups (buffer or 10Q) in several
brain regions (Fig. 3B), whereas no differences were observed
between buffer and 10Q in any volumes of interest, as expected
given the lack of the target in the control groups. Group VT values
and post hoc statistical comparisons for all gray matter structures
are shown in Supplemental Figure 2 and reported in Supplemental
Table 3, respectively.

Next, we used a voxelwise analysis to investigate the subregional
binding of 11C-CHDI-180R. The voxelwise analysis detected sig-
nificantly increased clusters of 11C-CHDI-180R in 85Q animals
compared with controls (Fig. 4) in the brain regions reported in the
volume-of-interest–based analysis. Specifically, the voxel-based
approach also identified subregional areas of increased 11C-CHDI-
180R binding, including the head of the caudate, the dorsolateral
and ventrolateral prefrontal cortices, the dorsal premotor cortex,
and the insular cortex (Fig. 4).
To confirm the expression of (m)HTT and formation of mHTT

aggregates in transduced brain regions, 2B4 immunohistochemistry
was performed on tissue collected at necropsy shortly after the conclu-
sion of these PET studies ($31mo after surgery). Figure 5 shows the
presence of soluble and aggregated mHTT in representative cases
from 85Q animals in regions of significantly increased 11C-CHDI-
180R VT (Supplemental Fig. 3 shows individual cases and quantifica-
tion). No (m)HTT aggregates were observed in the control groups
(buffer and 10Q). Increased 11C-CHDI-180R VT in white matter struc-
tures was also detected both at the regional level (Supplemental Fig. 4;
Supplemental Table 4) and at the voxel level (Fig. 5). Histologic
investigation of white matter confirmed the presence of 2B4-positive
(m)HTT aggregates in these brain structures (Supplemental Fig. 5),
supporting the specificity of 11C-CHDI-180R binding. Although
mHTT accumulation in white matter was not anticipated, the forma-
tion of mHTT aggregates appears to be limited to the regions in and
adjacent to the needle tracts created during AAV-vector delivery.
Finally, as part of a previous longitudinal study, the same animals

completed behavioral assessments of motor and cognitive function a

FIGURE 2. Kinetic modeling of 11C-CHDI-180R in NHPs (n5 13). (A) Two-
tissue-compartment model describes SUV time–activity curves of 11C-CHDI-
180R in regions with both high (putamen) and low (cerebellum) cerebral
uptake in 85Q animal. (B) Comparison of 11C-CHDI-180R VT estimates using
2-tissue-compartment model and Logan plot for 11C-CHDI-180R quantifica-
tion in 4 different brain regions (anterior cingulate cortex and occipital cortex).
(C) VT estimates using Logan plot with different scan durations normalized to
values obtained with 90-min acquisition. (D) Comparison of 11C-CHDI-180R
VT estimates using Logan plot based on 90- or 60-min scan acquisition.
2TCM5 2-tissue-compartment model; ACC5 anterior cingulate cortex; CB
5 cerebellum; OCC5 occipital cortex; PUT5 putamen.

FIGURE 3. PET imaging using 11C-CHDI-180R in NHPs. (A) Averaged
parametric VT maps in coronal (top), sagittal (middle), and axial (bottom)
planes are overlaid onto ONPRC18 MRI T1-weighted rhesus macaque
brain template. Animals in 85Q group show higher 11C-CHDI-180R VT

than animals in control groups (buffer or 10Q). (B) Quantification of 11C-
CHDI-180R VT in relevant brain structures. 85Q group displayed signifi-
cantly higher 11C-CHDI-180R VT than control groups (buffer or 10Q).
No statistical difference between buffer and 10Q was observed. (Buffer,
n 5 5; 10Q, n 5 4; 85Q, n 5 5.) ACC 5 anterior cingulate cortex; CD 5

caudate; DMPFC 5 dorsomedial prefrontal cortex; GPe 5 external seg-
ment of globus pallidus; PUT 5 putamen; SMC 5 supplemental motor
cortex. *P, 0.05. **P, 0.01. ***P, 0.001.
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few weeks before 11C-CHDI-180R scanning (17). We inquired
whether behavioral deficits were associated with 11C-CHDI-180R
binding. Analyses revealed that there was a significant correlation
between behavioral scores and VT values in several cortical and

subcortical regions, such that animals with greater behavioral defi-
cits (higher neurologic rating scores and lower working memory
scores) had higher levels of 11C-CHDI-180R binding (Table 1).

DISCUSSION

Various new therapeutic approaches for HD focus on the modu-
lation of mHTT levels (9,11,21). To determine whether these
approaches are achieving target engagement in the relevant brain
structures, and whether they are leading to lowering mHTT levels
in vivo, the development of noninvasive quantification of mHTT
is needed (12–14,22,23). We recently demonstrated that 11C-
CHDI-180R PET imaging is able to quantify mHTT aggregates in
HD mouse models (15). Here, we offer evidence that 11C-CHDI-
180R is applicable in a large NHP model of HD bearing mHTT
aggregates and behavioral phenotypes (16,17).
In contrast to previous preclinical mouse studies (15), analysis

of the plasma profile of NHPs revealed the formation of at least
one radiometabolite more polar than 11C-CHDI-180R. This radio-
metabolite polarity, together with the measured brain time–activity
curves, suggested no evidence of brain-penetrant radiometabolite
species. This is important validation for the use of this ligand in
humans and lays the foundation for future studies to use this NHP
model to test the efficacy of therapeutic interventions designed to
lower mHTT in the brain.
The results of both regional and voxelwise quantification of

11C-CHDI-180R revealed significantly increased binding in sev-
eral brain regions in the 85Q group compared with the buffer and
10Q control groups, suggesting specific binding to mHTT aggre-
gates. It was previously demonstrated that the intrastriatal delivery
of a mixture of AAV2 and AAV2.retro leads to transduction in the
caudate and putamen as well as several cortical structures (as a
result of the retrograde transport capability of AAV2.retro), form-
ing detectable mHTT aggregates in all of these regions (16,17).
This distribution profile is closely recapitulated by the binding pat-
tern of 11C-CHDI-180R PET imaging, with the putamen, anterior
cingulate cortex, and supplemental motor cortex representing the
most affected gray matter structures in this model (16,17). Impor-
tantly, we found an association between the increased binding pat-
tern of 11C-CHDI-180R PET imaging and the behavioral
assessments of motor and cognitive function in the 85Q group.
Compared with genetically engineered animal models of HD, in

which mHTT expression tends to be uniform throughout the brain,
viral vector-based models often result in mHTT expression in spe-
cific targeted brain regions or subregions. Accordingly, voxel-
based analyses in the AAV2:AAV2retro-based macaque HD
model identified significant 11C-CHDI-180R binding in subregions
of several brain structures, some of which were not identified
using the region-of-interest-based approach. This finding suggests
that voxel-based analyses may also be useful in human HD stud-
ies, in which mHTT aggregates are more concentrated in subre-
gions of certain structures, such as the lateral putamen and in
deeper layers of the cerebral cortex (5,24). Additionally, should
PET imaging be used in future studies to demonstrate target
engagement of HTT-lowering therapeutics, voxel-based analysis
may be able to discern HTT changes when therapeutic constructs
reach only subregions of brain structures after delivery.
We performed a postmortem histologic investigation to confirm

the formation of 2B4-positive mHTT aggregates in brain regions
that showed significantly increased 11C-CHDI-180R VT. However,
an important limitation of such a comparison is that this

FIGURE 4. Increased voxelwise 11C-CHDI-180R binding in 85Q NHPs
compared with control groups combined. Clusters of significantly
increased 11C-CHDI-180R VT in 85Q animals are overlaid onto ONPRC18
MRI template (threshold of P , 0.01, cluster size . 10). Scale bar repre-
sents T scores. (Buffer, n5 5; 10Q, n5 4; 85Q, n5 5.)

FIGURE 5. 2B4 immunostaining in 85Q NHPs showed agreement with
areas of increased 11C-CHDI-180R VT. Images at 34 (top) and 320 (bot-
tom) of mHTT aggregates detected by 2B4 staining in same brain regions
show increased 11C-CHDI-180R VT in 85Q primates, including regions dis-
tal from injection sites (caudate and putamen) such as dorsal medial pre-
frontal cortex, ventral premotor cortex, anterior cingulate cortex, and
supplemental motor cortex. Scale bar 5 100mm. ACC 5 anterior cingu-
late cortex; DMPFC 5 dorsal medial prefrontal cortex; SMC 5 supple-
mental motor cortex; VPMC5 ventral premotor cortex.
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radioligand does not bind to large mHTT species, as detected by
the common antibodies used for histologic assessment, such as
EM48 and 2B4. We have previously demonstrated binding to
mHTT-derived fibrils and to mHTT aggregates expressed in
mouse HD models and human HD samples, whose precise state
has yet to be defined (12,13,15). Given that radioligand and anti-
bodies do not recognize the same mHTT species, a direct associa-
tion between readouts is not possible. Therefore, histologic
analysis was performed to confirm the presence of mHTT aggre-
gates in relevant brain regions.
Accordingly, in 85Q animals, 2B4-positive aggregates were

detected in the regions of injection (caudate and putamen) and in sev-
eral cortical gray matter structures that send afferent projections to the
striatum. The anterior-to-posterior cortical gradient observed on
immunostaining aligns with a similar distribution observed with PET

imaging and recapitulates the previously described distribution of the
AAV2:AAV2.retro viral vector mixture (16). We also detected
increased 11C-CHDI-180R binding in the white matter of 85Q-treated
animals, a finding that was not anticipated given the lack of white
matter binding observed during in vitro 3H-CHDI-180 autoradiogra-
phy studies in mouse models and human postmortem tissue
(12,13,15). Histologic evaluation shows 2B4-positive mHTT aggre-
gates in white matter tracts in, and near, visible needle tracts. This
finding is not surprising, given that the infusion pump was run while
the needle was lowered into the caudate and putamen to maintain pos-
itive pressure, prevent infusate backflow, and prevent tissue damage.
Autoradiography has been used in genetic mouse models and

human HD brain tissue samples, in combination with immunohis-
tochemistry, to confirm regional and subregional binding of
CHDI-180R. Although tissue was not available in the current

TABLE 1
Correlations Between Behavioral Scores and 11C-CHDI-180R VT Values in Gray Matter Structures

Gray matter structure

Neurologic rating Working memory

Correlation P Correlation P

Dorsolateral prefrontal cortex 0.522 0.056 20.6120 0.034*

Ventrolateral prefrontal cortex 0.533 0.050* 20.6220 0.031*

Orbitofrontal cortex 0.406 0.150 20.5770 0.050*

Ventromedial prefrontal cortex 0.443 0.112 20.5550 0.0610

Dorsomedial prefrontal cortex 0.672 0.008† 20.6630 0.019*

Anterior cingulate cortex 0.703 0.005† 20.6370 0.026*

Dorsal premotor cortex 0.504 0.066 20.5870 0.045*

Ventral premotor cortex 0.594 0.025* 20.5980 0.040*

Supplemental motor cortex 0.667 0.009† 20.6130 0.034*

Primary motor cortex 0.451 0.106 20.5550 0.061

Superior temporal cortex 0.419 0.136 20.5450 0.067

Inferior temporal cortex 0.406 0.150 20.5360 0.072

Rhinal cortex 0.374 0.187 20.5270 0.078

Insular cortex 0.566 0.035* 20.5680 0.054

Somatosensory cortex 0.432 0.123 20.5540 0.062

Parietal cortex 0.388 0.170 20.5350 0.073

Posterior cingulate cortex 0.46 0.098 20.5650 0.056

Occipital cortex 0.375 0.187 20.5160 0.086

Caudate 0.51 0.063 20.5720 0.052

Putamen 0.589 0.027* 20.5930 0.042*

Internal globus pallidus 0.458 0.100 20.5310 0.076

External globus pallidus 0.511 0.062 20.5570 0.060

Lateral thalamus 0.402 0.155 20.5210 0.082

Medial thalamus 0.387 0.172 20.5060 0.093

Hippocampus 0.434 0.121 20.5390 0.071

Amygdala 0.473 0.088 20.5520 0.063

Substantia nigra 0.43 0.125 20.5740 0.051

Cerebellum 0.423 0.132 20.5370 0.072

*P , 0.05.
†P , 0.01.
Higher neurologic rating scores, and lower working memory scores, are associated with greater impairment. Correlations are 2-tailed

Pearson. (Buffer, n 5 5; 10Q, n 5 4; 85Q, n 5 5.)
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study to perform autoradiography, pilot studies on 4 adult maca-
ques injected with either AAV2retro-85Q (left hemisphere) and
diluent (right hemisphere) or AAV2retro-10Q (left hemisphere)
and diluent (right hemisphere) used autoradiography to demon-
strate specific binding in the putamen, globus pallidus, and cortex
of 85Q-injected animals but not in 10Q- or diluent-injected
controls.

CONCLUSION

Our study demonstrated the validity of 11C-CHDI-180R as a
reliable radioligand to visualize and quantify the region-specific
distribution of mHTT aggregated species in the HD macaque
model with high spatial resolution. These findings corroborate our
previous work in rodent HD models and further support ongoing
investigation of 11C-CHDI-180R as a pharmacodynamic bio-
marker in HD.
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KEY POINTS

QUESTION: Can we quantify mHTT aggregates in an NHP model
of HD in vivo?

PERTINENT FINDINGS: In this study, we demonstrated that the
regional accumulation of mHTT aggregates in the brain can be
quantified using PET imaging with 11C-CHDI-180R in a macaque
model of HD.

IMPLICATIONS FOR PATIENT CARE: 11C-CHDI-180R PET
imaging quantifies the regional accumulation of mHTT aggregates
and offers a promising new avenue to examine the efficacy of
mHTT-lowering therapeutic strategies.
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Development of a PET Tracer for OGA with Improved
Kinetics in the Living Brain

Brendon E. Cook1, Sangram Nag2,3, Ryosuke Arakawa2,3, Edward Yin-Shiang Lin1, Nancy Stratman1, Kevin Guckian1,
Heike Hering1, Mukesh Lulla1, Jinkuk Choi1, Cristian Salinas1, Nathan E. Genung1, Anton Forsberg Mor!en2,3,
Martin Bolin2,3, Giulia Boscutti4, Christophe Plisson4, Laurent Martarello1, Christer Halldin2,3, and Maciej A. Kaliszczak1

1Biogen, Cambridge, Massachusetts; 2Department of Clinical Neuroscience, Center for Psychiatry Research, Karolinska Institutet,
Stockholm, Sweden; 3Stockholm County Council, Stockholm, Sweden; and 4Invicro, London, United Kingdom

O-GlcNAcylation is thought to play a role in the development of tau
pathology in Alzheimer’s disease because of its ability to modulate
tau’s aggregation propensity. O-GlcNAcylation is regulated by 2
enzymes: O-GlcNAc transferase and O-GlcNAcase (OGA). Develop-
ment of a PET tracer would therefore be an essential tool for develop-
ing therapeutic small-molecule inhibitors of OGA, enabling clinical
testing of target engagement and dose selection. Methods: A collec-
tion of small-molecule compounds was screened for inhibitory activity
and high-affinity binding to OGA, as well as favorable PET tracer attri-
butes (multidrug resistance protein 1 efflux, central nervous system
PET multiparameter optimization, etc.). Two lead compounds with
high affinity and selectivity for OGA were selected for further profiling,
including OGA binding to tissue homogenate using a radioligand com-
petition binding assay. In vivo pharmacokinetics were established
using a microdosing approach with unlabeled compounds in rats. In
vivo imaging studies were performed in rodents and nonhuman pri-
mates (NHPs) with 11C-labeled compounds. Results: Two selected
candidates, BIO-735 and BIO-578, displayed promising attributes
in vitro. After radiolabeling with tritium, [3H]BIO-735 and [3H]BIO-578
binding in rodent brain homogenates demonstrated dissociation con-
stants of 0.6 and 2.3nM, respectively. Binding was inhibited, concen-
tration-dependently, by homologous compounds and thiamet G, a
well-characterized and structurally diverse OGA inhibitor. Imaging
studies in rats and NHPs showed both tracers had high uptake in the
brain and inhibition of binding to OGA in the presence of a nonra-
dioactive compound. However, only BIO-578 demonstrated reversible
binding kinetics within the time frame of a PET study with a 11C-
labeled molecule to enable quantification using kinetic modeling. Spe-
cificity of tracer uptake was confirmed with a 10mg/kg blocking dose
of thiamet G. Conclusion: We describe the development and testing
of 2 11C PET tracers targeting the protein OGA. The lead compound
BIO-578 demonstrated high affinity and selectivity for OGA in rodent
and human postmortem brain tissue, leading to its further testing in
NHPs. NHP PET imaging studies showed that the tracer had excellent
brain kinetics, with full inhibition of specific binding by thiamet G.
These results suggest that the tracer [11C]BIO-578 is well suited for
further characterization in humans.

KeyWords:OGA;O-GlcNAcase; Alzheimer; PET
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A key feature of Alzheimer’s disease is the presence of fibril-
lar deposits of phosphorylated tau protein, so-called neurofibrillary
tangles (1). Recent natural history studies in Alzheimer’s disease
patients have shown that increased tau pathology is associated
with more severe disease, spurring efforts to develop treatments
that may slow or prevent neurofibrillary tangle formation (2,3).
Glucose hypometabolism is directly correlated with tau pathol-

ogy in Alzheimer’s disease (4). Cellular glucose availability regu-
lates a posttranslational modification known as O-GlcNAcylation
(5,6). O-GlcNAcylation of tau has been demonstrated to attenuate
the propensity of tau to aggregate, and increased O-GlcNAcylation
can be achieved by inhibiting the enzyme responsible for the
removal of O-GlcNAc residues from proteins, O-GlcNAcase
(OGA) (7–9). The availability of an OGA PET radiotracer is impor-
tant as an early clinical development tool to determine target occu-
pancy of OGA inhibitors, aiding drug development and dose
selection in patients.
To date, there have been 2 disclosed examples of OGA PET tra-

cers, though existing limitations necessitate further optimization of
an OGA PET tracer that can provide information on dose selection
and target engagement of OGA inhibitors in the clinic (10–14). To
this end, we developed 2 OGA PET ligands with favorable kinet-
ics. The lead compound [11C]BIO-578 was deemed suitable for
clinical application.

MATERIALS AND METHODS

Animal studies were performed at either Invicro in the United
Kingdom or Karolinska Institutet in Sweden and were reviewed and
approved by respective institutional animal care and use committees
(or equivalent) in accordance with all institutional and governmental
regulations.

Homogenate Binding
Detailed protocols are listed in the supplemental materials (supple-

mental materials are available at http://jnm.snmjournals.org). In brief, tri-
tiated radioligand binding studies were performed in 96-well plate–based
assays with cytosolic brain homogenates for rodent and human brain
studies or with whole-brain crude homogenates for human T-cells iso-
lated from healthy volunteer blood in a steady-state reaction performed at
room temperature. Reactions were terminated by rapid vacuum filtration
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using a 96-well plate–based harvester. Filters containing bound ligand
were assessed for radioactivity using scintillation counting techniques.
Competition binding studies were also performedwith the reference stan-
dards thiamet G, O-(2-acetamido-2-deoxy-D-glucopyranosylidenamino)
N-phenylcarbamate, BIO-735, and BIO-578 (7,15).

Microdose Biodistribution
Three Sprague–Dawley rats per time point were injected by intrave-

nous bolus with 10 mg/kg BIO-735 or BIO-578. After injection, the
frontal cortex, striatum, cerebellum, and rest of the brain were excised
at baseline and 30, 60, 90, 120, 150, and 180 min. The amount of
BIO-735 or BIO-578 was measured in plasma and each brain region by
liquid chromatography tandem mass spectrometry.

Labeling with 11C
Synthesis of [11C]BIO-735 or [11C]BIO-578 was performed using

either compound 1 or compound 2 as a precursor, respectively. Detailed
synthesis protocols are provided in the supplemental materials. To sum-
marize, [11C]CH3I was first produced according to previously published
protocols (16). Precursor compound 1 or 2 was combined with anhy-
drous tetrahydrofuran and [11C]CH3I and heated to 125!C for 8 min.
The reaction mixture was diluted, and the final radiolabeled product
was isolated by reverse-phase, high-performance liquid chromatogra-
phy. The collected fraction was diluted in sterile water, passed through
a Sep-Pak tC18 cartridge (Waters), washed with sterile water, and
eluted with 1 mL of ethanol into 9 mL of sterile saline.

PET Imaging in Rats
A detailed imaging protocol for the rodent study is presented in the

supplemental materials. In brief, an adult male Sprague–Dawley rat
received 2 PET scans using the tracer [11C]BIO-735. The first scan
was a baseline scan, with the tracer (10 MBq, 0.16 mg) administered
by intravenous bolus under isoflurane anesthesia. The second scan was
performed 4 h later, with the rat first given a 0.3 mg/kg dose of BIO-
735 by intravenous bolus and then 5 min later dosed with the tracer
[11C]BIO-735 (8 MBq, 0.09 mg) and scanned. Both PET scans were
dynamic acquisitions 0–60 min after injection of the tracer. Arterial
blood sampling was performed, and a parent plasma input function
was derived for both scans.

PET Imaging in Nonhuman Primates (NHPs)
A detailed protocol for NHP studies is presented in the supplemen-

tal materials. In brief, each NHP was scanned twice, receiving first a
baseline scan and then a pretreatment blocking scan later the same
day. The tracer was injected by intravenous bolus. Approximately
7 min before the blocking scans, either BIO-735 or thiamet G was
administered intravenously, followed by intravenous administration of
the tracer. Dynamic PET scans were acquired for 93 min immediately
after intravenous injection of the tracer, with arterial blood sampling
at time points throughout the duration of the scan (17).

RESULTS

Selection of Initial Compound
From the Biogen compound collection, 366 OGA inhibitors were

filtered to select promising candidates as potential PET tracers
(Fig. 1A). Compounds that had a high efflux ratio in the MDR1
Madin–Darby canine kidney cell assay were removed from consid-
eration because of their likelihood of having poor central nervous
system (CNS) penetrance, leaving 125 compounds. This was nar-
rowed down on the basis of the CNS PET multiparameter optimiza-
tion score of the compounds, a computational scoring function
designed to select compounds with optimal PET tracer physico-
chemical properties (18). Further filtering was done by removing
compounds that bound plasma proteins (the protein-free fraction

cFu_p) greater than 95% to reduce the likelihood the candidate
would have high nonspecific binding. Finally, because OGA con-
centration in the brain typically ranges from 5 to 50 nM, we
screened out any compound with a half maximal inhibitory concen-
tration (IC50) greater than 2 nM while ensuring the total density of
target receptor Bmax/dissociation constant (Kd) would be greater
than 10 (19). The remaining 8 compounds were then inspected to
ensure facile introduction of a PET radiolabel, leaving BIO-735 as
the lead candidate because of its ability to be labeled with either 11C
or 18F (Fig. 1B). A summary of assay results (including plasma pro-
tein binding and MDR1 efflux transport) is provided in Supplemen-
tal Table 1.

In Vitro Screening of BIO-735
The OGA protein sequence is highly conserved in eukaryotes;

therefore, cross-reactivity of the tracer molecule is expected in all
species used for in vitro and in vivo testing (mouse, rat, NHP, and
human) (7). In addition, Bmax in the brain across these species was
similar, allowing better comparison of tracer performance (Supple-
mental Figs. 1 and 2). Mouse brain homogenate binding with

Starting library:
366 compounds

MDR1 B-A/A-B < 4
PappAB > 5 x 10-6 cm/s

CNS PET MPO > 3

cFu_p > 0.05

IC50 < 2 nM

125

117

111

8

BIO-735

A

B

FIGURE 1. (A) Flowchart of selection process based on starting collec-
tion of compounds. (B) Lead compound selected was BIO-735, with poten-
tial sites for radiolabeling in red. cFu_p 5 plasma protein free fraction; IC50

5 half maximal inhibitory constant; MDR1 5 multidrug resistance protein
1; MPO5 multiparameter optimization; Papp 5 apparent permeability.
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[3H]BIO-735 (Supplemental Fig. 3A) was used to determine Kd of
0.6 nM, which agreed with surface plasmon resonance (SPR) Kd

(0.92 nM). Further binding studies with rat brain regional homoge-
nates (including the striatum, cortex, hippocampus, and cerebellum)
showed consistent Kd (0.6–0.7 nM) but differences in Bmax (Sup-
plemental Fig. 3B). These correlate with known differences in
OGA concentration among the regions (13).
Next, competition binding studies with [3H]BIO-735 were per-

formed to determine the inhibition constants of 2 known inhibitors
of OGA (O-(2-acetamido-2-deoxy-D-glucopyranosylidenamino)
N-phenylcarbamate and thiamet G), as well as unlabeled BIO-735
as the homologous compound (Supplemental Figs. 1D, 3C, and
3D). Binding of [3H]BIO-735 was inhibited by all 3 compounds
with affinities for OGA, consistent with published observations,
indicating the tracer was binding to the same site on OGA (7,15).
Finally, Kd for BIO-735 was tested in human frontal cortex

homogenate (Supplemental Fig. 1A), with Kd (0.6 nM) and Bmax

(39 nM) comparable to the results in rat homogenate. In addition,
these parameters were tested in human T-cell homogenates (Sup-
plemental Fig. 1B). Human T-cell homogenate was found to have a
Bmax of 42 nM, presenting a potential challenge for quantification.
Because OGA is expressed in circulating T-cells, it is possible a
change in the tracer-free fraction could occur if peripheral OGA is
blocked after administration of a nonradioactive drug (Supplemen-
tal Fig. 1D). Furthermore, typical input function analysis to calcu-
late the volume of distribution relies on analysis of plasma, which
will not account for potential tracer binding to OGA expressed on
circulating T-cells. This must be considered given its potential
implications in the quantification of the brain PET signal as mea-
sured by the volume of distribution (20).

In Vivo Rat Testing of BIO-735
With promising in vitro results for BIO-735, an in vivo pharma-

cokinetic study under microdosing conditions was performed in
rats. A concentration of 10mg/kg was chosen to avoid saturating
OGA binding sites and to study the kinetic behavior of the com-
pound in different regions of the brain (Fig. 2A) (18,21,22). OGA
binding was shown to differ from region to region, and the stria-
tum and the cerebellum had the highest and the lowest uptake,
respectively. This pattern of BIO-735 distribution is consistent
with the relative concentration of OGA in the regions measured
(Supplemental Fig. 3B). Plasma kinetics showed rapid clearance
of BIO-735, with most cleared by 60min after injection, although
because plasma does not contain OGA-expressing T-cells, clear-
ance will likely be faster than in whole blood. The concentration

of BIO-735 in the brain was highest in the striatum, followed by
the frontal cortex, and the cerebellum had the lowest uptake.
The tracer candidate BIO-735 was radiolabeled with the PET

isotope 11C (half-life, 20.4min) at high radiochemical purity (94%–
95%) and molar activity (30–50 GBq/mmol). The tracer [11C]BIO-735
was injected intravenously (8–10 MBq, 0.09–0.16mg) into a naïve
rat, first as a baseline scan and then after a 0.3mg/kg blocking dose
of BIO-735. The rat underwent a dynamic PET scan 0–60min after
injection, followed by aCT scan for anatomic reference (Fig. 2B).
Coronal images and time–activity curves showed measured

uptake of the tracer in all sampled brain regions. Baseline time–ac-
tivity curves showed that the tracer was rapidly taken up in the brain
with little washout during the scan duration, suggesting strong
affinity toward its target (Supplemental Fig. 4). Retention of the
tracer varied in different brain regions. Regions such as the striatum
and the hypothalamus were associated with relatively high tracer
uptake and slow off-rate kinetics, whereas some regions, such as
the cerebellum, were associated with relatively low tracer uptake
and faster off-rate kinetics. The self-blocking scan showed tracer
uptake followed by rapid clearance from the CNS, with a reduction
in whole-brain SUV 50–60min after injection from 2.9 at baseline
to 0.3 after blocking, suggesting near-total saturation of the target
(Supplemental Fig. 4). No regional difference could be seen in
tracer uptake during the self-block scan.

PET Imaging of [11C]BIO-735 in NHPs
With good evidence of brain uptake and saturable binding in

rats, the tracer [11C]BIO-735 was tested in a cynomolgus NHP.
The tracer was synthesized at high radiochemical purity (.99%)
and molar activity (35–60 GBq/mmol at the end of synthesis) and
either administered intravenously alone as a baseline scan or coin-
jected with 1mg/kg BIO-735 as a homologous block (for baseline,
36 MBq, 2.0mg; for pretreatment, 95 MBq, 3.3mg). A dynamic
PET scan was acquired 0–90min after injection with the arterial
input function and parent fraction analysis. An MR image was
also obtained as an anatomic frame of reference, and regions of
interest for brain regions were drawn manually (Fig. 3A).
The baseline scan showed tracer uptake throughout the brain,

with a gradient of SUV across brain regions consistent with the
OGA expression level. Uptake was highest in the putamen and
lowest in the thalamus (Fig. 3B). The second PET scan followed
pretreatment with a 1mg/kg self-block, which dramatically re-
duced uptake within all brain regions, allowing quick washout of
the tracer. The initial SUV (0–5min) was increased after treatment
with the self-block, suggesting a change in the input function con-

sistent with the blocking of OGA in the
periphery and allowing more free radio-
tracer to be present in the blood and brain.
This is likely because the tracer was bound
to OGA expressed on circulating T-cells
in the baseline scan and then inhibited by
pretreatment with the self-block scan.
Although there was no observed difference
in the plasma parent fraction between the
2 scans (Supplemental Fig. 5), this is
likely because of the lack of T-cells (and
therefore OGA) in the plasma. This rein-
forces the need for an appropriate input
function of quality to derive the volume of
distribution and quantify the signal with
confidence.
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FIGURE 2. (A) Results of microdosing study where rats (n 5 3 per time point) were administered
BIO-735 by intravenous bolus (10mg/kg) and tissues were analyzed for compound concentration by
liquid chromatography tandem mass spectrometry. (B) Coronal PET images of rat administered
[11C]BIO-735 as either baseline scan (left) or blocking scan (right) after pretreatment with 0.3mg/kg
BIO-735, summed for 0–60min.
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Although the tracer in NHP showed excellent specific uptake
and binding, the time–activity curves for the baseline scan showed
no observable clearance from the brain during the 90-min scan
after initial uptake. This suggests that once bound, the off-rate for
the tracer is very slow, making potential quantification of the vol-
ume of distribution challenging. Thus, BIO-735 was deemed sub-
optimal as a PET tracer candidate and was optimized toward
reduced OGA affinity to facilitate release from the target and
accelerate clearance without affecting selectivity or specificity.

Optimization of Lead Compound BIO-578
The original structure of BIO-735 was modified by replacing a

single nitrogen with carbon (Fig. 4A), moving from pyrimidine to
pyridine and reducing the compound’s affinity for OGA without
adversely affecting the CNS PET multiparameter optimization
score or other key properties (Supplemental Table 1). The new
compound, BIO-578, had a CNS PET multiparameter optimization
score of 4.7 and SPR Kd of 6.15 nM, about 7-fold higher than that
of BIO-735. This was confirmed by homogenate binding in a
mouse brain with a Kd of 2.3 nM, about 4 times higher than that of
BIO-735 (Supplemental Fig. 2A). The new compound was tested
as before, with inhibition constant measurements showing specific
and concentration-dependent inhibition of binding to OGA (Sup-
plemental Figs. 2B and 2C).
A microdosed pharmacokinetic study in rats showed that BIO-

578 accumulated in the brain with a pattern similar to what was
observed for BIO-735, though with faster apparent clearance
(Fig. 4B). BIO-578 was shown to have an approximately 4-fold
decrease in striatum concentration over 3 h, whereas BIO-735
remained relatively constant.

PET Imaging of Lead Compound
[11C]BIO-578 in NHPs
BIO-578 was labeled with 11C, and the

tracer [11C]BIO-578 was dosed intrave-
nously (for baseline, 28 MBq, 0.9mg; for
pretreatment, 132 MBq, 1.6mg). A base-
line PET scan was acquired, as well as a
1mg/kg blocking scan after pretreatment
with nonradioactive BIO-735 (Fig. 5A).
These were each acquired with the arterial
input function and parent fraction analysis,
as well as an MR image for anatomic refer-
ence. All brain regions measured showed
uptake and retention of the tracer. Tracer
uptake was also variable in different regions
of the brain. High uptake in the putamen
and low uptake in the cerebellum were
observed, similar to trends observed by other
OGA tracers (11). The signal was subse-
quently blocked after administration of a
mass dose of BIO-735, demonstrating selec-
tivity for the target (Fig. 5B). A higher initial
SUV (0–5min), a phenomenon noted in the
[11C]BIO-735 scans and a feature of PET
tracers specific to OGA, was also observed.
In the baseline scan, all brain regions

demonstrated observable clearance over
the 90-min scan. With a measurable off-
rate, [11C]BIO-578 exhibited a desired
profile for a PET tracer. Metabolite analy-
sis demonstrated that the intact parent
tracer accounted for approximately 10% of

the total radioactivity measured in the plasma 60min after admin-
istration (Supplemental Figs. 6 and 7).
To confirm the in vivo specificity of [11C]BIO-578, a NHP PET

study was conducted, using thiamet G as the blocking compound
(Fig. 6). A baseline and a 10mg/kg thiamet G pretreatment PET
scan were each acquired (for baseline, 40 MBq, 1.1mg; for pre-
treatment, 108 MBq, 1.0mg). The dose of thiamet G was selected
on the basis of published data showing pretreatment leads to an
approximately 90% reduction in PET tracer binding to OGA (11).
As before, the baseline scan showed uptake throughout the
brain (Fig. 6). The thiamet G pretreatment scan showed substantial
clearance from all brain regions, indicating that [11C]BIO-578 bind-
ing is successfully blocked by thiamet G.
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FIGURE 3. PET/MRI data of NHP scanned with [11C]BIO-735. (A) PET images summed for
10–93min: from top to bottom, baseline scan, blocking scan after pretreatment with 1mg/kg BIO-
735, and MR image for anatomic reference. (B) Regional time–activity curve for brain subregions after
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0 30 60 90 120 150 180
0

20

40

60

80

100

Microdosing of BIO-578

Time (min)

C
on

ce
nt

ra
tio

n
(n

M
)

Striatum
Frontal cortex
Cerebellum
Plasma

A B

FIGURE 4. (A) Molecular structures of BIO-735 and BIO-578, showing
replacement of pyrimidine with pyridine and resultant decrease in affinity
by SPR. (B) Results of microdosing study where rats (n5 3 per time point)
were administered BIO-578 by intravenous bolus (10mg/kg) and tissues
were analyzed by LC-MS/MS.

BIOGEN OGA PET & Cook et al. 1591



DISCUSSION

There is a precedence for the development of OGA PET tracers.
One of the previously published OGA PET tracers, [18F]MK-8553,
has little data disclosed outside of conference proceedings. A more
recent tracer, [18F]LSN3316612, showed promise in preclinical
imaging studies in rodents and NHPs published by Lu et al. (13)
and Paul et al. (11) and was tested clinically in healthy human
volunteers (23). Although the scope of the studies did not involve
determination of target occupancy of an OGA inhibitor, the tracer
showed promising imaging properties to provide information on
dosing regimens, leading the authors to conclude that it could be
suitable for clinical research on OGA. However, the ligand exhibits
a slow off-rate, leading to the slow clearance kinetics observed in
both NHP and human studies and complicating efforts to robustly
quantify uptake because of the lack of a reference region (24). Fur-
thermore, the relatively long time that it takes the tracer to reach
equilibrium necessitates longer time frames for PET acquisition.
This, combined with 18F as the labeling isotope, limits the number
of PET scans that could theoretically be performed on a subject in a
single day. The efforts described here were in pursuit of finding a
suitable OGA PET tracer that does not bear these limitations,
enabling robust quantification of target occupancy to support drug
development efforts.
The first compound tested, BIO-735, demonstrated high affinity

toward OGA in both SPR and homogenate binding studies, as well
as in vitro properties suggesting blood–brain barrier permeability
and low efflux. An in vivo pharmacokinetic study using a micro-
dose of BIO-735 exhibited uptake and slow clearance from the
brain, with uptake in brain regions consistent with the previously
determined Bmax for those regions. Although the 10mg/kg dose is
approximately 10–20 times higher than the typical mass of the
tracer injected during imaging, it was demonstrated that microdose
kinetics and uptake were still consistent with a radiolabeled tracer
dose. These results suggest that such microdosed pharmacokinetic
studies could be valuable for screening other CNS PET tracers
without the need to radiolabel them (18,22,25). This is particularly
applicable for targets that have a differential expression in different
compartments of the brain. We hypothesize that factors such as
lower target Bmax or presence of an off-target sink could negatively
affect the microdose approximation by affecting tracer kinetics
more than the larger microdose. This strategy could be extended to
peripheral tissues, though it would be limited to targets of known
protein expression and distribution that are naturally expressed in
relative abundance.
After radiolabeling with 11C, PET imaging studies were per-

formed in rats and NHPs. However, as with the rat, clearance from
the NHP of [11C]BIO-735 in the baseline scan was very slow such
that there was no observable decrease in SUV over the 90-min scan
duration. This presented significant challenges for quantification
and modeling, similar to challenges faced by Paul et al. (11). It was
hypothesized that this may result from the high affinity of BIO-735
toward OGA, with a Kd of 0.9 nM by SPR.
After modifications to the original structure, the new compound,

BIO-578, displayed a nearly 7-fold reduction in affinity. Results
from the microdosed pharmacokinetic study in rats provided evi-
dence of a faster off-rate and clearance from the CNS. A PET
imaging study in NHPs with the radiolabeled tracer [11C]BIO-578
confirmed this improved clearance, with the baseline scan showing
uptake and binding to OGA, followed by about 50% washout over
90min, as well as displaceable binding and rapid clearance in a
scan after a 1mg/kg pretreatment with BIO-735.
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FIGURE 5. PET/MRI data of NHP scanned with [11C]BIO-578 and pre-
treated with BIO-735. (A) Representative axial slices of PET/MR images
after dosing of [11C]BIO-578 in NHP. PET images were summed from 10
to 93min: from top to bottom, baseline scan, blocking scan after pretreat-
ment with 1mg/kg BIO-735, and MR image for anatomic reference. (B)
Regional time–activity curve for brain subregions after baseline scan (top)
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The PET tracer [11C]BIO-578 demonstrated specific, reversible
binding to OGA and kinetics favorable for target occupancy calcu-
lations, suggesting that [11C]BIO-578 could serve as a tool for eval-
uating small-molecule inhibitors of OGA in the clinic. In addition
to improved clearance, the tracer’s labeling with 11C results in
lower radiation dosimetry than with 18F and allows multiple same-
day scans of the same patient, presenting a significant advantage
over both [18F]LSN3316612 and [18F]MK-8553.
Also of note was the determination of OGA Bmax in human

T-cells, because this has the potential to affect quantification and
is not captured in a typical plasma input function workflow. It is
also worth considering when developing other tracers for targets
that may be expressed in circulating immune cells.

CONCLUSION

Two 11C PET tracers were developed targeting OGA, an enzyme
with a known role in the O-GlcNAcylation of tau protein and
potentially implicated in tau aggregation in Alzheimer’s disease.
Although the off-rate of the first tracer, [11C]BIO-735, was subopti-
mal for clinical translation, the second tracer, [11C]BIO-578,
proved more promising. Testing through a series of in vitro and
in vivo rat experiments demonstrated the high affinity and specifi-
city of the tracer toward OGA, whereas in vivo NHP studies con-
firmed that the tracer is suitable for testing in patients.

DISCLOSURE

Authors are or were used or contracted by Biogen and may hold
stock in the company. Work was paid for in full by Biogen. No
other potential conflict of interest relevant to this article was
reported.

KEY POINTS

QUESTION: Can a PET tracer be designed for OGA that can
support target occupancy and dose selection studies of
therapeutic OGA inhibitors in clinical trials?

PERTINENT FINDINGS: A PET tracer, [11C]BIO-578, was devel-
oped and validated preclinically in rodent and NHP studies. Its
optimized kinetics will enable robust calculation of target occu-
pancy in future investigations.

IMPLICATIONS FOR PATIENT CARE: This PET tracer will
provide critical data on target occupancy and dose selection
during clinical development of OGA inhibitors for the treatment of
Alzheimer’s disease.
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Evaluation of metabolic tumor volume (MTV) changes using amino
acid PET has become an important tool for response assessment in
brain tumor patients. MTV is usually determined by manual or semiau-
tomatic delineation, which is laborious and may be prone to intra- and
interobserver variability. The goal of our study was to develop a
method for automated MTV segmentation and to evaluate its perfor-
mance for response assessment in patients with gliomas.Methods: In
total, 699 amino acid PET scans using the tracerO-(2-[18F]fluoroethyl)-
L-tyrosine (18F-FET) from 555 brain tumor patients at initial diagnosis
or during follow-up were retrospectively evaluated (mainly glioma
patients, 76%). 18F-FET PET MTVs were segmented semiautomati-
cally by experienced readers. An artificial neural network (no new
U-Net) was configured on 476 scans from 399 patients, and the net-
work performance was evaluated on a test dataset including 223
scans from 156 patients. Surface and volumetric Dice similarity coeffi-
cients (DSCs) were used to evaluate segmentation quality. Finally, the
network was applied to a recently published 18F-FET PET study on
response assessment in glioblastoma patients treated with adjuvant
temozolomide chemotherapy for a fully automated response assess-
ment in comparison to an experienced physician. Results: In the test
dataset, 92% of lesions with increased uptake (n 5 189) and 85% of
lesions with iso- or hypometabolic uptake (n5 33) were correctly iden-
tified (F1 score, 92%). Single lesions with a contiguous uptake had the
highest DSC, followed by lesions with heterogeneous, noncontiguous
uptake and multifocal lesions (surface DSC: 0.96, 0.93, and 0.81
respectively; volume DSC: 0.83, 0.77, and 0.67, respectively). Change
in MTV, as detected by the automated segmentation, was a significant
determinant of disease-free and overall survival, in agreement with
the physician’s assessment. Conclusion: Our deep learning–based
18F-FET PET segmentation allows reliable, robust, and fully automated
evaluation of MTV in brain tumor patients and demonstrates clinical
value for automated response assessment.

Key Words: FET PET; volumetry; machine learning; artificial intelli-
gence; AI; neurooncology

J Nucl Med 2023; 64:1594–1602
DOI: 10.2967/jnumed.123.265725

In recent years, several studies have demonstrated the clinical
potential of volumetric response assessment in patients with brain
tumors, particularly since the development of artificial neural net-
works has enabled this laborious task to be conducted in a fully
automated way and with quality comparable to an experienced
physician performing manual volumetry (1–3). For example, Kick-
ingereder et al. (4) demonstrated the superior performance of an
artificial neural network for the assessment of response to bevaci-
zumab plus lomustine therapy for glioma patients based on struc-
tural MRI compared with the response assessment performed by a
physician based on the Response Assessment in Neuro-Oncology
criteria. The full integration of this method into the clinical work-
flow and the complete automatization allow for a more efficient,
standardized, and reproducible volumetric evaluation of tumor
burden, yielding great potential for response assessment in future
clinical trials.
Although the clinical importance of structural MRI for response

assessment is undisputed, there are known limitations for differenti-
ation between treatment-related changes and tumor progression and
for delineation of tumor extent, especially in cases of nonenhancing
tumor portions (5–7). Because of its ability to overcome these
shortcomings, amino acid PET has become an important diagnostic
tool in patients with brain tumors. Specifically, amino acid PET is
recommended by the Response Assessment in Neuro-Oncology
group for response assessment in glioma patients at all disease
stages (8,9). Among the amino acid PET tracers for patients with
brain tumors, O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET) is the
most widely used and evaluated PET tracer in Europe but is also
gaining international importance, especially in the United States.
A prospective study conducted by Suchorska et al. on 79 patients

with newly diagnosed glioblastoma showed that the metabolic
tumor volume (MTV) assessed by 18F-FET PET before initiation
of temozolomide chemoradiation was a strong prognostic factor for
progression-free and overall survival, independent of the extent of
resection (10). Recently, Ceccon et al. (11) found that in contrast to
the MRI-based response assessment according to Response Assess-
ment in Neuro-Oncology criteria and tumor-to-brain ratios (TBRs)
for 18F-FET PET evaluation, MTV changes were predictive for the
early identification of metabolic responders in patients undergoing adju-
vant temozolomide chemotherapy. Furthermore, Wollring et al. (12)
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TABLE 1
Patient Characteristics

Characteristic Training dataset Test dataset

Patients 399 156

Lesions 496 205

Mean age 6 SD (y) 51614 49614

Sex

Male 219 83

Female 180 73

Median MTV (cm3) 11.1 (range, 0.03–109.4) 10.6 (range, 0.1–98.8)

Patients with multifocal lesions 20 19

Patients without pathologic uptake (beyond clinically
established threshold)

20 38

Patients with nonmalignant uptake (e.g., treatment-related
changes, inflammation, encephalitis)

27 17

Gliomas

Astrocytoma, IDH-mutant 35 10

CNS WHO grade 2 11 —

CNS WHO grade 3 19 6

CNS WHO grade 4 5 4

Astrocytoma, not otherwise specified 76 30

CNS WHO grade 2 27 12

CNS WHO grade 3 49 18

CNS WHO grade 4 — —

Oligodendroglioma, IDH-mutant, 1p/19q-codeleted 24 4

CNS WHO grade 2 14 3

CNS WHO grade 3 10 1

Oligodendroglioma, not otherwise specified 18 7

CNS WHO grade 2 14 4

CNS WHO grade 3 4 3

Glioblastoma, IDH wild-type 63 45

Glioblastoma, not otherwise specified 89 22

Brain metastases 68 26

Lung 27 12

Breast 11 5

Melanoma 9 7

Renal 5 —

Gastrointestinal 3 —

Unknown 13 2

Other

Ependymoma — 1

Lymphoma 2 —

Ganglioma 1 —

Meningioma 1 —

Nonmalignant neoplasm — 2

Inflammation, encephalitis 3 1

Unknown 19 8

IDH 5 isocitrate dehydrogenase; CNS WHO 5 central nervous system World Health Organization.
Data are number, unless otherwise specified.
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showed that MTV changes on 18F-FET PET are also an important
factor for predicting response to lomustine-based chemotherapy in
patients with recurrent gliomas. Despite these interesting findings,
3-dimensional assessment of MTV is not part of the routine
clinical evaluation of amino acid PET, which is based mainly on
TBR extracted from manually or semiautomatically generated
2-dimensional regions of interest (13). The fact that MTV is not
routinely assessed in clinical practice suggests that the time and
effort required for volumetric amino acid PET segmentation still
exceed the clinical benefit. The number of studies investigating the
clinical value of amino acid PET MTV needs to increase to demon-
strate its clinical value and ultimately lead to the inclusion of volu-
metric amino acid PET assessment in consensus guidelines and
recommendations.
To foster the clinical translation of volumetric amino acid PET

evaluation, our study aimed to develop and evaluate an artificial
neural network using the self-configuring no new U-Net (14) for
the automated 3-dimensional segmentation of brain tumors using
18F-FET PET. Furthermore, the network was applied to a recently
published 18F-FET PET study on response assessment in newly
diagnosed glioblastoma patients treated with adjuvant temozolo-
mide chemotherapy (11) for a fully automated response assess-
ment in comparison to an experienced physician.

MATERIALS AND METHODS

Detailed methods can be found in the supplemental materials (avail-
able at http://jnm.snmjournals.org) (11,13–22).

Ethics
The study adhered to the standards established in the Declaration of

Helsinki. The local ethics committees approved the retrospective anal-
ysis of imaging data (EK 055/19). All patients provided written
informed consent before each 18F-FET PET investigation.

Patient Characteristics
Our database comprising 4,381 patients who underwent diagnostic

18F-FET PET scans at initial diagnosis, suspected tumor relapse, or
treatment response assessment in our institution between November
2005 to April 2021 was retrospectively evaluated in this study. Of
these 18F-FET PET scans, only those for which segmentations of MTV
were available were included. Further, to evaluate the performance of the
segmentation algorithm in patients lacking an increased 18F-FET uptake,
59 patients with iso- or hypometabolic 18F-FET PET scans were added.
In total, 699 18F-FET PET scans from 555 patients were investigated in
the study. Detailed patient characteristics are presented in Table 1.

Data Sharing
The dataset, including 18F-FET PET image data and segmentations,

is available on request. In addition, data analysis scripts in Python are
available on request. The trained network (JuST_BrainPET) is avail-
able at https://github.com/MIC-DKFZ/nnUNet/tree/nnunetv1#useful-
resources.

RESULTS

18F-FET Uptake Characteristics
Of the 476 18F-FET PET scans in the training dataset, 20 (4%)

showed no pathologic uptake, 20 (4%) showed multifocal lesions,
and 49 (10%) showed increased uptake due to nonmalignant
lesions, for example, treatment-related changes. Of the 223
18F-FET PET scans in the test dataset, 39 (17%) showed no patho-
logic uptake, 19 (9%) showed multifocal lesions, and 26 (12%)
showed nonmalignant lesions.

Network Performance for Lesion Detection
Of the 205 lesions with increased 18F-FET uptake, 189 were

correctly identified by the network. Of 39 scans without increased
uptake, only 6 were erroneously considered to show tumors by the
network. Importantly, none of the anatomic regions that showed a
physiologically increased uptake, such as in the superior sagittal
sinus, were considered to be tumors by the network. This resulted
in a mean F1 score of 92%, a sensitivity of 93%, and a positive
predictive value of 95% for lesion detection. Patient examples
showing lesions missed by the network, false detections, and
examples of regions showing physiologically increased uptake are
provided in Figure 1.

Network Performance for Lesion Segmentation
The median tumor volume was 11.1 cm3 (range, 0.03–109.4 cm3)

for the training set and 10.6 cm3 (range, 0.1–98.8 cm3) for the test
set (Table 1). In the training set, the mean volume Dice similarity
coefficient (DSC) during 5-fold cross validation was 0.7560.03,
and the mean surface DSC was 0.8760.03 without prior brain
extraction. In the test set, the median volume DSC was 0.81 (inter-
quartile range, 0.70–0.89), and the surface DSC was 0.96 (interquar-
tile range, 0.89–0.99). With prior brain extraction, the mean volume
DSC in the training set after 5-fold cross validation was 0.7460.03,
and the mean surface DSC was 0.8560.02. In the test set, the
median volume DSC was 0.80 (interquartile range, 0.68–0.88), and
the median surface DSC was 0.93 (interquartile range, 0.87–0.98).
Since brain extraction had no statistically significant effect on

FIGURE 1. Network performance for lesion detection: ground truth seg-
mentations of lesions that have not been detected by network, nonmalig-
nant lesions with slightly increased but not pathologic uptake (mean TBR
, 1.6) that have been erroneously detected as malignant lesions by net-
work, and anatomic regions that show physiologically increased uptake
that have always been correctly identified as such by network. TBRmean
5 mean TRB.
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FIGURE 2. Representative examples of lesion segmentations with high and low volume DSC. COMB5 combination of ground truth and network seg-
mentation; GT5 ground truth segmentation; PRED5 segmentation predicted by network; S-DSC5 surface DSC; V-DSC5 volume DSC.

TABLE 2
Performance of Network in Training and Test Datasets

Parameter

Without brain extraction With brain extraction

Volume DSC Surface DSC* Volume DSC Surface DSC*

Training dataset (476 scans)

1-fold 0.76 0.88 0.74 0.85

2-fold 0.78 0.88 0.77 0.87

3-fold 0.75 0.87 0.72 0.83

4-fold 0.76 0.89 0.76 0.87

5-fold 0.70 0.82 0.70 0.83

Mean 6 SD 0.7560.03 0.8760.03 0.746 0.03 0.856 0.02

Test dataset (223 scans)

Median 0.81 0.96 0.80 0.93

IQR, 25%–75% 0.70–0.89 0.89–0.99 0.68–0.88 0.87–0.98

*Tolerance of 3mm.
IQR 5 interquartile range.
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network performance (P . 0.05), the results in the following are
based on the network trained without prior brain extraction. The net-
work performance is summarized in Table 2. Some representative
examples of tumor segmentations yielding low and high volume
DSC and surface DSC are presented in Figure 2.
The volume DSC and surface DSC were lowest for small

lesions with a volume of between 0.1 and 3.3 cm3, which is equiv-
alent to the first quartile of lesion volumes (median volume DSC,
0.65; interquartile range, 0.50–0.78; median surface DSC, 0.92;
interquartile range, 0.78–0.99). For lesions of the second and third
quartiles of lesion volumes (volume, 3.3–22.0 cm3), the median
volume DSC was 0.80 (interquartile range, 0.71–0.88), and the
median surface DSC was 0.93 (interquartile range, 0.88–0.99). The
network showed the best performance for lesions from the fourth
quartile of lesion volumes with a volume of between 22.0 and
98.0 cm3 (median volume DSC, 0.87 [interquartile range, 0.83–0.90];
median surface DSC, 0.97 [interquartile range, 0.94–0.99]).
Lesions with a larger MTV showed relatively low discrepancies

between the predicted and the ground truth segmentations, compared
with lesions with a smaller MTV (Fig. 3). This finding is also

supported by a slight bias of the network in oversegmenting smaller
MTVs, for example, the number of false-positive voxels was higher
than that of false-negative voxels in smaller MTVs.
The number of false-positive voxels segmented by the network

for the first, second/third, and fourth quartiles of lesion volumes
was 65%, 21%, and 11%, respectively, and the number of false-
negative voxels was 28%, 22%, and 15%, respectively. Single
lesions were segmented with a better performance than nonmalig-
nant and multifocal lesions (median volume DSC: 0.83, 0.77, and
0.67, respectively; median surface DSC: 0.96, 0.93, and 0.81,
respectively) (Supplemental Fig. 3).

Automated Versus Manual Response Assessment
The 18F-FET PET parameter mean TBR extracted by the network

was 2.16 0.2 at baseline and 2.16 0.2 at follow-up. The 18F-FET
PET parameter mean TBR as evaluated by the physician was 2.06 0.2
at baseline and 2.06 0.2 at follow-up. The network and the physician
agreed well in the assessment of MTV and in the clinical 18F-FET
PET parameter mean TBR for both the baseline and the follow-up
scans, with correlation coefficients ranging from 0.81 to 0.95 (Fig. 4).

FIGURE 4. Correlation between manual and automatic assessment of MTV (A) and mean TBR (B).

FIGURE 3. Absolute (A) and relative (B) differences between ground truth and predicted MTV of test dataset. Q1–Q45 quartiles 1–4.
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The 33 patients (median age, 50 y; range, 20–79 y; 17 women)
had a median progression-free survival of 10mo (range, 4–54mo)
and a median overall survival of 14mo (range, 5–54mo). The pre-
dicted baseline median MTV was 8.0 cm3 (range, 0.6–84.0 cm3),

compared with a predicted follow-up median MTV of 12.6 cm3

(range, 0.6–121.4 cm3). The manually segmented median MTVs
were 13.3 cm3 (range, 0.6–103.2 cm3) at baseline and 15.2 cm3

(range, 0.6–137.1 cm3) in the follow-up scans.

FIGURE 5. Comparison of Kaplan–Meier curves for progression-free survival and overall survival assessed automatically by network and manually by
experienced physician on basis of changes in mean TBR (A and C) and MTV (B and D).
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The network identified any decrease in MTV after temozolomide
chemoradiation as an independent predictor for a significantly lon-
ger overall survival in glioma patients (P , 0.05). Relative changes
in other parameters showed no significant predictive capability for
a longer progression-free survival or overall survival. These find-
ings were in line with the manual response assessment performed
by an experienced physician. The corresponding Kaplan–Meier
curves for progression-free survival and overall survival, along
with representative 18F-FET PET images of patients with favorable
and unfavorable prognoses, are shown in Figures 5 and 6.

DISCUSSION

The main finding of our study is that our deep learning–based
neural network allows reliable and fully automated detection and
3-dimensional segmentation of brain tumors investigated by
18F-FET PET. Furthermore, the network demonstrated its clinical
value for a fully automated 18F-FET PET assessment of response
to temozolomide chemoradiation in glioma patients, whereby the
network yielded results similar to the manual assessment per-
formed by an experienced physician. This finding highlights the
value of the network for improvement and automatization of clini-
cal decision-making based on the volumetric evaluation of amino
acid PET.
Currently, only a single study has investigated deep learning–

based segmentation of brain tumors in adults using 18F-FET PET.
Blanc-Durand et al. (23) demonstrated the potential of a
3-dimensional U-Net convolutional neural network for the auto-
mated detection of gliomas. Although the network achieved a com-
parable volume DSC of 0.79 in the validation set, the dataset
comprised only a small number of patients (n 5 37). Hence, the
generalizability and clinical applicability of this approach remain
questionable and require further verification.
The network developed in our study was able to correctly detect

most tumors in the test dataset, resulting in high diagnostic perfor-
mance (F1 score, 92%). Importantly, these results were obtained
from a dataset that, in addition to patients with brain tumors and

increased uptake, included patients with
nonmalignant lesions that showed only
slightly increased uptake, patients with no
increased uptake, and even patients with
photopenic defects (24).
Our network erroneously detected and

segmented 6 of 39 nonmalignant lesions,
for example, treatment-related changes,
which showed a slightly increased uptake
with a mean TBR of 1.5, which is just
below the threshold of 1.6 that was used to
generate the ground truth segmentations
(Fig. 3B). Identifying these lesions unequiv-
ocally on the basis of 18F-FET PET imaging
alone is a major challenge even for experi-
enced nuclear medicine physicians, a fact
that should be considered when evaluating
the performance of our network. Further-
more, the lesions that were not correctly
detected by the network were relatively
small, with a mean MTV of 0.3 cm3. Hence,
it seems that our network detected and
segmented larger lesions more accurately
(Fig. 3). This possibility is also supported

by a slight bias of the network toward oversegmenting smaller
MTVs; for example, the number of false-positive voxels was higher
than the number of false-negative voxels in smaller MTVs, a fact
that was already described by Blanc-Durand et al. (23).
These findings are in line with a recent study from Ladefoged et al.

(25) in which an artificial neural network was developed and trained
on 18F-FET PET and MRI scans from 233 adult brain tumor patients
and applied to a dataset of 66 pediatric brain tumor patients for auto-
mated tumor segmentation. The authors also found the largest relative
errors for tumor segmentations for small tumors with a volume of less
than 10 cm3. Although the network demonstrated excellent perfor-
mance in pediatric tumor patients, a few cases were reported in which
the network erroneously delineated anatomic regions showing a high
physiologic uptake. Such was not the case in our study, possibly
because of the much larger number of patients used for training and
the fact that our network was trained and evaluated on 18F-FET PET
data from adults.
Of note, the fact that Ladefoged et al. (25) also included contrast-

enhanced T1-weighted MR images as input images for the network
might have had a positive effect on model performance. Since stan-
dardized anatomic MRI data were available for only a subset of
patients in our study, we preferred to use a larger number of patients
and omitted the addition of MRI. Nevertheless, the influence of the
addition of MRI data should be investigated in future studies.
Another important finding of our study is the successful applica-

tion of our fully automated 18F-FET PET tumor segmentation
for the assessment of response in glioma patients after temozolo-
mide chemoradiation. Similar to the manual response assessment
performed by an experienced physician, our network also showed
that a decrease in MTV was associated with a favorable outcome
(Figs. 5 and 6). Beyond MTV, the evaluation of conventional
18F-FET PET parameters, especially TBRs, already plays an impor-
tant role in the assessment of treatment response in clinical routine
(8). In our study, we found a strong correlation in TBRs between
the network and the manual assessment (Fig. 4).
The retrospective evaluation of our database revealed that MTV

segmentation is still performed predominantly 2-dimensionally because

FIGURE 6. Representative 18F-FET PET images at baseline and follow-up of glioma patients with
favorable (top row) and unfavorable (bottom row) outcomes after 2 cycles of adjuvant temozolomide.
OS5 overall survival; PFS5 progression-free survival; TBRmean5 mean TRB.
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of lack of 3-dimensional methods for the clinic. Availability of an
automated method for 3-dimensional segmentation of MTV suit-
able for daily clinical use should therefore be in demand. Our net-
work performs fully automated 3-dimensional segmentation of a
single 18F-FET PET scan on a conventional graphics processing
unit–equipped computer in less than 2min without preprocessing,
suggesting its suitability for successful implementation into clinical
routine.
One limitation of our study is the uncertainty of the ground truth

segmentation. Even though the segmentations were carefully per-
formed according to the current guidelines for the evaluation of amino
acid PET in brain tumor patients, interrater variability cannot be
excluded. Nonetheless, this limitation is inherent in all work on seg-
mentation and can hardly be overcome. Yet, ground truth uncertainties
should be considered when the performance of a segmentation algo-
rithm is being evaluated. A potential source of bias is patient selection,
which was limited to patients for whom volumetric tumor segmenta-
tion was already available, rather than patients from a random sam-
pling of a larger cohort, as might become possible if an automated
3-dimensional method of MTV segmentation were available. Another
limitation—the low spatial resolution of PET—has a direct impact on
the quality of the segmentations. To partly account for this limitation,
development of our network was based on routinely acquired 18F-FET
PET data from 2 PET scanners with different spatial resolutions. In
the future, the addition of structural MRI might offer ways to mini-
mize this effect. A further limitation might be that the network was
trained on only 18F-FET PET data; its value for other commonly used
amino acid PET tracers remains to be evaluated.
A general limitation is the comparatively low availability of

amino acid PET. Another factor preventing wider use of amino
acid PET is that it requires experienced users for an objective and
comparable diagnosis. In this regard, our approach could play an
important role because it provides, for the first time, to our knowl-
edge, an objective and easy-to-use way to volumetrically evaluate
amino acid PET data from brain tumor patients. We are confident
that the availability of the method to the public will further pro-
mote amino acid PET internationally and emphasize its value for
clinical decision-making.

CONCLUSION

Our deep learning–based 18F-FET PET segmentation allows a
reliable, robust, and fully automated evaluation of MTV in patients
with brain tumors. The method alleviates the need for extensive
image preprocessing, and its potential for an automated response
assessment in patients with gliomas has been demonstrated, foster-
ing translation of volumetric amino acid PET evaluation to clinical
routine.
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KEY POINTS

QUESTION: In patients with gliomas, can a fully automated
response assessment based on amino acid PET achieve results
similar to those of an expert?

PERTINENT FINDINGS: A deep learning–based tumor detection
and segmentation tool based on 699 18F-FET PET scans from
555 patients with brain tumors showed high accuracy for lesion
detection and segmentation. Further, changes in MTV as
evaluated and outlined by the automated segmentation tool were
a significant determinant of disease-free and overall survival, in
agreement with manual assessment by an expert.

IMPLICATIONS FOR PATIENT CARE: The tumor detection and
segmentation tool allows for a fully automated, easy-to-use,
objective brain tumor diagnosis and response assessment based
on amino acid PET and has the potential to be an important
building block to further promote amino acid PET and to
strengthen its clinical value.
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This study aimed to develop an analytic approach based on [18F]FDG
PET radiomics using stacking ensemble learning to improve the out-
come prediction in diffuse large B-cell lymphoma (DLBCL). Methods:
In total, 240 DLBCL patients from 2 medical centers were divided into
the training set (n 5 141), internal testing set (n 5 61), and external
testing set (n5 38). Radiomics features were extracted from pretreat-
ment [18F]FDG PET scans at the patient level using 4 semiautomatic
segmentation methods (SUV threshold of 2.5, SUV threshold of 4.0
[SUV4.0], 41% of SUVmax, and SUV threshold of mean liver uptake
[PERCIST]). All extracted features were harmonized with the ComBat
method. The intraclass correlation coefficient was used to evaluate
the reliability of radiomics features extracted by different segmentation
methods. Features from the most reliable segmentation method were
selected by Pearson correlation coefficient analysis and the LASSO
(least absolute shrinkage and selection operator) algorithm. A stacking
ensemble learning approach was applied to build radiomics-only and
combined clinical–radiomics models for prediction of 2-y progression-
free survival and overall survival based on 4 machine learning classi-
fiers (support vector machine, random forests, gradient boosting
decision tree, and adaptive boosting). Confusion matrix, receiver-
operating-characteristic curve analysis, and survival analysis were
used to evaluate the model performance. Results: Among 4 semiau-
tomatic segmentation methods, SUV4.0 segmentation yielded the
highest interobserver reliability, with 830 (66.7%) selected radiomics
features. The combined model constructed by the stacking method
achieved the best discrimination performance. For progression-free
survival prediction in the external testing set, the areas under the
receiver-operating-characteristic curve and accuracy of the stacking-
based combined model were 0.771 and 0.789, respectively. For over-
all survival prediction, the stacking-based combined model achieved
an area under the curve of 0.725 and an accuracy of 0.763 in the
external testing set. The combined model also demonstrated a more
distinct risk stratification than the International Prognostic Index in all
sets (log-rank test, all P , 0.05). Conclusion: The combined model
that incorporates [18F]FDG PET radiomics and clinical characteristics

based on stacking ensemble learning could enable improved risk
stratification in DLBCL.

Key Words: PET; diffuse large B-cell lymphoma; prognosis; machine
learning; radiomics
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DOI: 10.2967/jnumed.122.265244

Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of aggressive non-Hodgkin lymphoma. Rituximab plus
cyclophosphamide, doxorubicin, vincristine, and prednisone repre-
sents the current first-line treatment, which is effective in approxi-
mately 60%–70% of patients (1). Patients with refractory disease
or relapse after initial treatment have a low probability of cure and
dismal outcomes due to the modest response rates for salvage regi-
mens (2). Therefore, early identification of those high-risk patients
is essential for designing individualized therapeutic intervention.
Current prognostic scoring systems, such as the International
Prognostic Index (IPI) and the National Comprehensive Cancer
Network–IPI, have been the basis for determining prognosis in
DLBCL (3,4). However, those models are inaccurate in predicting
refractory disease, possibly because of their lack of intratumoral
metabolic and functional information.
[18F]FDG PET/CT, a type of molecular imaging and a means to

“transpathology” (5), has been recommended for staging and
response assessment in DLBCL (6,7). Quantitative parameters on
PET/CT, particularly total metabolic tumor volume (TMTV) and
total lesion glycolysis, are considered to have prognostic signifi-
cance in DLBCL (8,9). These parameters may allow for the
assessment of whole-body tumor burden but remain limited in
their ability to characterize phenotypical profiles such as shape,
morphology, spatial distribution, and heterogeneity across individ-
ual lesions. For PET/CT image analysis, radiomics has recently
been proposed as a novel high-throughput, noninvasive approach
that could quantify tumor phenotype at a microscale level via
extracting thousands of imaging-derived features (10). With the
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assistance of artificial intelligence, such
as machine learning, radiomics offers a
promising tool for diagnosis, therapeu-
tic response assessment, and outcome
prediction in various tumor types (11),
including DLBCL (12–16). Preliminary
studies have suggested that the applica-
tion of machine learning algorithms,
such as LASSO (least absolute shrink-
age and selection operator) regression
(16), ridge regression (13), and random
forest (17), may contribute to the
improved radiomics feature selection
and prognostic modeling in DLBCL.
However, most of those studies focused
on evaluating a single machine learning
approach, whereas only a minority used cross combination of dif-
ferent machine learning algorithms (14) or adopted ensemble
machine learning (15). Stacking, an ensemble approach that com-
bines different base classifiers into 1 metaclassifier, has been sug-
gested to provide optimized performance and simplicity (18). In
the present study, we aimed to develop an analytic approach based
on [18F]FDG PET radiomics using stacking ensemble learning to
improve the outcome prediction in DLBCL.

MATERIALS AND METHODS

Study Population
We retrospectively enrolled 240 consecutive patients with newly

diagnosed DLBCL at 2 medical centers, including 202 patients at cen-
ter 1 (the Second Affiliated Hospital of Zhejiang University School of
Medicine) and 38 patients at center 2 (the First Affiliated Hospital of
Zhejiang Chinese Medical University). Detailed information about the
study population is shown in the supplemental materials (available at
http://jnm.snmjournals.org) (19,20). The flowchart of patient enroll-
ment is shown in Supplemental Figure 1. This study was approved by
the Institutional Review Board at each institution, and the requirement
to obtain written informed consent was waived.

PET/CT Imaging Protocol
Image acquisition and reconstruction were in accordance with the

guidelines of European Association of Nuclear Medicine, version 2.0
(21). Patients fasted for at least 6 h and had a blood glucose level
below 200 mg/dL before PET/CT examination. They were scanned at
about 60 min after intravenous injection of [18F]FDG (3.70 MBq/kg).
All PET images were corrected for attenuation using acquired low-
dose CT data. Acquisitions differed between the 2 institutions in terms
of PET/CT scanners, acquisition protocols, and reconstruction settings
(Supplemental Table 1).

PET Image Segmentation and Feature Extraction
PET/CT images were reviewed by 2 independent nuclear medicine

physicians, who were masked to patients’ clinical outcome. The
volumes of interest were semiautomatically delineated using LIFEx
software (version 6.30, https://www.lifexsoft.org/index.php) (22). Four
different segmentation methods were applied to delineate lesions,
including an SUV threshold of 2.5, an SUV threshold of 4.0 (SUV4.0),
41% of SUVmax, and SUVPERCIST (1.5 3 liver SUVmean 1 2 SDs)
(21,23). SUV was calculated as (tissue radioactivity concentration [Bq/
mL]) 3 (body weight [g])/(injected radioactivity [Bq]). According to
the European Association of Nuclear Medicine guidelines, the liver
SUVmean should be between 1.3 and 3.0 (21). Conventional PET para-
meters including SUVmax, SUVpeak, TMTV, and total lesion glycolysis

of each patient were recorded. The distance between the largest lesion
and the lesion farthest from that bulk was also recorded (16).

Before feature extraction, all PET images were resampled to a voxel
size of 3 3 3 3 3 mm using bilinear interpolation (24) and were dis-
cretized with a fixed bin size of 0.25 SUV (25). In total, 1,245 radio-
mics features were extracted from the entire segmented disease
(patient level) via the open-source toolbox PyRadiomics (version
3.0.1) (16,26), consistent with the Image Biomarker Standardization
Initiative (27). Detailed descriptions of the extracted features are pre-
sented in Supplemental Table 2. The radiomics workflow is shown in
Figure 1.

Feature Selection
The interobserver repeatability of radiomics features was evaluated

using the intraclass correlation coefficient (ICC) in 100 randomly
selected patients from center 1. Features with an ICC above 0.80 were
considered robust and retained for subsequent analysis. The segmenta-
tion method with the maximum number of selected features was con-
sidered to be the most reliable method.

The ComBat harmonization method was applied to pool all conven-
tional PET parameters and radiomics features derived from images
acquired on the 2 different PET/CT scanners (28). Pearson correlation
coefficient analysis followed by the LASSO algorithm were applied to
select features. Details on feature selection are presented in the supple-
mental materials.

Stacking Ensemble Learning–Based Model Construction
Stacking ensemble learning is a complex machine learning algo-

rithm that combines the result of several base learners to generate pre-
dictions into the metalearner to improve predictive accuracy (18). In
this study, random forest, support vector machine, gradient boosting
decision tree, and adaptive boosting were set as the base learners (first
level), whereas random forest served as the metalearner (second level).
The methodologic details are presented in the supplemental materials.
Logistic regression was also applied to generate predictions. Confu-
sion matrix analytics (including accuracy, F1 score, recall, and preci-
sion) were used to compare the performance of different machine
learning algorithms. The detailed parameters of these algorithms are
presented in Supplemental Table 3.

We evaluated the predictive value of 5 different models, including
the radiomics model, the combined clinical–radiomics model, IPI, the
model based on TMTV, the distance between the largest lesion and
the lesion farthest from that bulk, and SUVpeak (17), as well as the
International Metabolic Prognostic Index (29). Receiver-operating-
characteristic (ROC) curve analysis was used to compare the predic-
tive performance of different models.

FIGURE 1. Radiomics workflow.
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Statistical Analysis
All statistical analysis was performed using SPSS (version 26.0), R

(version 4.0.5, http://www.R-project.org), and Python (version 3.10).
Progression-free survival (PFS) was defined as the time from

diagnosis until lymphoma progression or death from any cause. Over-
all survival (OS) was defined as the time from diagnosis to death from
any cause or to the last follow-up. Patients still alive were censored at
the date of last contact. The differences in clinical characteristics were

TABLE 1
Patient Characteristics

Characteristic Training set (n 5 141) Internal testing set (n 5 61) External testing set (n 5 38) P

Sex 0.225

Female 67 30 24

Male 74 31 14

Mean age 6 SD (y) 57.6615.1 60.66 13.4 64.3613.6 0.093

Age (y) 0.269

#60 70 25 14

.60 71 36 24

Ann Arbor stage 0.381

I–II 51 21 18

III–IV 90 40 20

B symptoms 0.231

Yes 39 19 16

No 102 42 22

Performance status 0.324

,2 102 45 32

$2 39 16 6

Extranodal sites 0.432

,2 88 39 28

$2 53 22 10

LDH 0.217

Normal 61 34 20

Elevated 80 27 18

b2-microglobulin 0.745

Normal 95 38 24

Elevated 46 23 14

IPI 0.900

#2 77 35 22

.2 64 26 16

Cell of origin 0.182

GCB 59 21 10

Non-GCB 82 40 28

Therapy regimens 0.560

R-CHOP 126 54 36

R-EPOCH 15 7 2

Endpoints

2-y PFS (%) 69.5 72.1 71.1 0.855

2-y OS (%) 76.6 80.3 73.7 0.569

LDH 5 lactate dehydrogenase; GCB 5 germinal center B-cell–like; R-CHOP 5 rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone; R-EPOCH 5 rituximab plus etoposide, prednisone, vincristine, cyclophosphamide, and doxorubicin.

Data are n unless otherwise indicated. P values were calculated by 1-way ANOVA for continuous variables, x2 test for categoric
variables, and log-rank test for survival rates.
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assessed using the x2 test and 1-way ANOVA, when appropriate.
Patients were stratified into high- and low-risk groups using ROC
curve analysis and maximizing the Youden index (30). Survival
curves were estimated by the Kaplan–Meier analysis, and survival dis-
tributions were compared using the log-rank test. A P value of less
than 0.05 was considered statistically
significant.

RESULTS

Patient Characteristics and Outcome
Patients’ clinical characteristics are

summarized in Table 1. No clinical char-
acteristic had statistically significant dif-
ferences among different datasets (all P
. 0.05). The median follow-up intervals
for the training, internal testing, and
external testing sets were 41mo (range,
4–105mo), 44mo (range, 6–104mo),
and 39mo (range, 4–69mo), respec-
tively. By the end of follow-up, relapse
and progression occurred in 56, 21, and
14 patients in the training, internal testing
and external testing sets, respectively,
whereas 45, 16, and 10 patients, respec-
tively, had died.

Feature Selection
Among 4 segmentations, SUV4.0 seg-

mentation showed the highest reliability,
with 830 features (66.7%) retained in the
context of an ICC of more than 0.8 (Sup-
plemental Table 4). After the Pearson
correlation coefficient test, 88 radiomics
features were selected for SUV4.0 seg-
mentation. The optimal features were
obtained by the LASSO algorithm for
construction of different stacking models
(Supplemental Table 5).

Model Performance Evaluation
The model performance for 2-y PFS prediction based on differ-

ent machine learning algorithms is shown in Supplemental Table 6.
For the radiomics model, the stacking classifier showed better per-
formance than the other 4 base classifiers and logistic regression,

TABLE 2
AUCs of Different Models

Training set Internal testing set External testing set

Model PFS OS PFS OS PFS OS

Combined 0.791
(0.725–0.857)

0.843
(0.786–0.899)

0.762
(0.618–0.906)

0.741
(0.572–0.911)

0.771
(0.594–0.948)

0.725
(0.534–0.916)

Radiomics 0.765
(0.697–0.834)

0.787
(0.724–0.850)

0.715
(0.559–0.870)

0.637
(0.447–0.827)

0.707
(0.515–0.899)

0.661
(0.450–0.871)

IPI 0.715
(0.624–0.807)

0.729
(0.734–0.823)

0.717
(0.569–0.864)

0.670
(0.497–0.843)

0.715
(0.531–0.900)

0.689
(0.495–0.884)

TMTV 1 Dmaxbulk
1 SUVpeak

0.696
(0.604–0.789)

0.720
(0.623–0.817)

0.623
(0.457–0.788)

0.722
(0.551–0.893)

0.652
(0.452–0.851)

0.640
(0.432–0.848)

IMPI 0.765
(0.681–0.849)

0.765
(0.676–0.854)

0.699
(0.546–0.851)

0.659
(0.479–0.839)

0.660
(0.470–0.850)

0.689
(0.495–0.884)

Dmaxbulk 5distance between largest lesion and lesion farthest from that bulk; IMPI 5 International Metabolic Prognostic Index.
Data in parentheses are 95% CIs.

FIGURE 2. Kaplan–Meier curves for PFS of combined model (A), PFS of IPI (B), OS of combined
model (C), and OS of IPI (D) in training set. Hazard ratio with 95% CI and log-rank P value are
reported. HR5 hazard ratio.
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except for recall in the training set. For the combined model, the
stacking classifier also demonstrated better performance than the
other classifiers in the training set, internal testing set, and external
testing set. Furthermore, the stacking-based combined model had
higher predictive power than the radiomics model and IPI across
nearly all evaluation metrics.
The model performance for 2-y OS prediction is shown in Sup-

plemental Table 7. For the radiomics model, the stacking classifier
demonstrated superior performance to the other base classifiers
and logistic regression, except for precision in the internal testing
set and accuracy and recall in the external testing set. For the com-
bined model, the stacking classifier had relatively balanced perfor-
mance in the training set but outperformed the other base
classifiers in the internal testing set and the external testing set.
Moreover, the stacking-based combined model performed better
than the radiomics model and IPI.
We compared the performance of the stacking-based combined mod-

els by various combinations of base classifiers. As shown in Supple-
mental Tables 8 and 9, the combination of 4 base classifiers had a more
balanced performance for PFS and OS prediction than did the other
combinations. We also evaluated the performance of the radiomics and
combined models trained on PFS prediction for predicting OS and vice
versa; the results are shown in Supplemental Tables 10 and 11.
The results of ROC analysis are shown in Table 2. The com-

bined model outperformed the other models for PFS prediction,
with the area under the ROC curve (AUC) being 0.791, 0.762, and

0.771 in the training set, internal testing
set, and external testing set, respectively.
A similar trend was observed for OS pre-
diction (the AUCs of the combined
model were 0.843, 0.741, and 0.725 for
the training set, internal testing set, and
external testing set, respectively).

Survival Prediction
Kaplan–Meier survival estimates of the

combined model and IPI in the training
set, internal testing set, and external test-
ing set are shown in Figures 2, 3, and 4,
respectively. The Kaplan–Meier survival
estimates of the radiomics model are
shown in Supplemental Figure 2. The dif-
ferences in survival rates between low-
and high-risk groups were significant
except for OS in the radiomics model in
the external testing set (P5 0.053). More-
over, the combined model demonstrated a
more distinct risk stratification than the
radiomics model and IPI, with larger dif-
ferences between subgroups for both PFS
and OS prediction (all P , 0.05).

DISCUSSION

In this study, we developed an analytic
approach based on [18F]FDG PET radio-
mics using stacking ensemble learning
for outcome prediction in DLBCL.
Radiomics and combined clinical–radio-
mics models constructed by the stacking
method outperformed those built on other
single machine learning classifiers. Fur-

thermore, the combined models integrating radiomics features and
clinical information exhibited predictive performance superior to
that of radiomics-only models and IPI.
To the best of our knowledge, this was the first study to evaluate

the prognostic effect of [18F]FDG PET radiomics through a stack-
ing ensemble learning approach in patients with DLBCL. Several
previous studies have found that machine learning–based PET
radiomics could be of prognostic importance in DLBCL (12–14).
A multicenter study with 317 DLBCL patients suggested that the
radiomics model based on LASSO logistic regression was predic-
tive of 2-y time to progression, with an AUC of 0.76 (16). Another
study using a LASSO-Cox algorithm reported an AUC of 0.748
for the radiomics model in the test set for PFS prediction (12). In a
recent study, Jiang et al. used cross combination of 7 different
machine learning algorithms for feature selection and found that
the radiomics signature obtained by the support vector machine–
support vector machine was highly predictive of PFS (AUC,
0.757) (14). Despite these encouraging findings, a recently devel-
oped ensemble learning approach has revealed diagnostic and
prognostic advantages over a single machine learning method by
aggregating multiple algorithms to achieve higher prediction accu-
racy (31,32). In our current study, the radiomics model built on a
stacking ensemble learning approach outperformed those devel-
oped by the other 4 base classifiers and logistic regression, with
AUCs of 0.715 and 0.707 for PFS prediction in the internal and
external testing sets, respectively. This finding is consistent with

FIGURE 3. Kaplan–Meier curves for PFS of combined model (A), PFS of IPI (B), OS of combined
model (C), and OS of IPI (D) in internal testing set. Hazard ratio with 95% CI and log-rank P value are
reported. HR5 hazard ratio.
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the results from a recent radiomics study on DLBCL, in which a
soft voting ensemble–based model showed higher accuracy than
those based on single machine learning classifiers for 2-y event-
free survival prediction (15). Notably, voting considers only linear
relationships among classifiers whereas stacking is able to learn
complex associations when individual base classifiers are hetero-
geneous (33). In our study, the combined model developed by 4
classifiers showed a more balanced performance than the other
combinations, supporting the potential of stacking ensemble learn-
ing for radiomics analysis in DLBCL.
Our study also demonstrated that the combined models incorpo-

rating patient-level PET radiomics and clinical characteristics
yielded higher AUCs and more distinct risk stratifications than IPI
for outcome prediction in DLBCL, which is in line with previous
observations (12,14,16). Recent studies suggested that the predic-
tive ability of IPI has been weakened in the rituximab era (4). In
this context, PET radiomics might add a new perspective on the
phenotypic characteristics of DLBCL through profiling the intratu-
moral metabolic heterogeneity. Therefore, it is likely that consider-
ing both clinical and imaging features in analysis may offer a
deeper understanding of the complex biologic properties of malig-
nancy and thereby provide a better prognosis estimation.
Radiomics analysis in lymphoma remains challenging because of

the lack of a primary site and the complexity of lesion delineation,
particularly for disseminated disease. To date, no consensus has been

reached on which segmentation method for
lesion delineation in DLBCL is preferable.
Although the 41%-of-SUVmax method has
been recommended by the European Asso-
ciation of Nuclear Medicine for TMTV
evaluation (21), this method is more likely
to be influenced by interobserver variability
(34). Other studies indicated that the
SUV4.0 method could give a good approx-
imation of TMTV for prediction of disease
progression (35). On top of these, the
impact of different segmentations on radio-
mics features for prognosis prediction in
DLBCL remains to be explored. In our
study, we compared the reliability of radio-
mics features based on 4 different segmen-
tation methods. The SUV4.0 method
yielded the highest interobserver reliability,
with 830 features (66.7%) retained in ICC
analysis, which is in line with the results
from a recent study suggesting that
SUV4.0 is the most stable approach (with
excellent reliability for 84.8% of all fea-
tures) among 6 semiautomatic segmenta-
tion methods (36). By contrast, the
interobserver reliability of radiomics fea-
tures based on 41%-of-SUVmax segmenta-
tion was the lowest in the current study,
with only 46 features (3.7%) having excel-
lent reliability. This discrepancy may corre-
late with differences in TMTV delineation.
Previous studies demonstrated that varia-
tions in segmentation methods could have
a marked effect on the outer contour of the
segmentation, thereby influencing radio-

mics features, especially morphologic metrics (36,37). In our study,
the SUV4.0 method exhibited a higher TMTV estimation and more
stable radiomics features than the 41%-of-SUVmax method, indicating
that a higher TMTV may cause the segmentation method to have less
of an impact on radiomics features.
Several limitations of our study deserve mention. First, since

this was a retrospective study with a relatively small sample size,
our results need to be further validated in prospective multicenter
studies involving a larger cohort of patients. Second, we applied
only patient-level radiomics analysis; further studies are required
to compare the impact of different lesion selection methods on
radiomics analysis. Third, we applied ICC, Pearson correlation
analysis, and LASSO for feature selection; further studies will be
required to assess the performance of other strategies, for example,
minimum redundancy maximum relevance and ReliefF. Fourth, to
facilitate comparison with previous results, we used only PET
images for radiomics analysis. A combination of PET and CT
images may lead to the discovery of radiomics features that are
more predictive. Fifth, Ki-67 expression and MYC/BCL-2 double-
hit status are established prognostic factors but were not assessed
in this study because of the incompleteness of the available data.

CONCLUSION

In the present study, we proposed an analytic approach using
stacking ensemble learning for outcome prediction in DLBCL

FIGURE 4. Kaplan–Meier curves for PFS of combined model (A), PFS of IPI (B), OS of combined
model (C), and OS of IPI (D) in external testing set. Hazard ratio with 95% CI and log-rank P value are
reported. HR5 hazard ratio.
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based on [18F]FDG PET radiomics. The stacking-based combined
model that incorporates radiomics features and clinical characteris-
tics could enable improved risk stratification in DLBCL patients.
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KEY POINTS

QUESTION: Can stacking ensemble learning–based [18F]FDG PET
radiomics improve outcome prediction in patients with DLBCL?

PATIENT FINDINGS: In a retrospective study of 240 DLBCL
patients, a stacking ensemble learning–based model that incorpo-
rates radiomics features and clinical characteristics enabled
improved risk stratification.

IMPLICATIONS FOR PATIENT CARE: The stacking ensemble
learning–based model incorporating PET radiomics and clinical
information can be useful for better survival prediction and thera-
peutic decision making.
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Impact of Single-Time-Point Estimates of 177Lu-PRRT
Absorbed Doses on Patient Management: Validation of a
Trained Multiple-Linear-Regression Model in 159 Patients
and 477 Therapy Cycles
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Dosimetry after 177Lu-DOTATATE peptide receptor radionuclide ther-
apy (PRRT) enables estimation of radiation doses absorbed by normal
organs and target lesions. This process is time-consuming and re-
quires multiple posttreatment studies on several subsequent days. In
a previous study, we described a newly developed multiple-linear-
regression model to predict absorbed doses (ADs) from a single-time-
point (STP) posttreatment study acquired 168h after the first infusion
and 24h after the following ones, with similar results to the standard
multiple-time-point (MTP) protocol. The present study aimed to vali-
date this model in a large patient cohort and to assess whether STP
dosimetry affects patient management decisions compared with our
MTP protocol. Methods: Quantitative 177Lu-DOTATATE SPECT/CT
post-PRRT data from 159 consecutive patients (172 therapies, 477
therapy cycles) were retrospectively analyzed. ADs obtained from an
STP model were compared with those obtained using an MTP model.
We evaluated the impact of the STPmodel on the decision onwhether
PRRT should be stopped because of an expected kidney AD exceed-
ing the safety threshold. We hypothesized that patient management
based on the STP model does not differ from that based on the MTP
model in at least 90% of the cases. Results: There was no difference
in management decisions between the MTP and STP models in 170
of 172 therapies (98.8%). A Fisher x2 test for combined probabilities
produced a composite P value of 0.0003. Mean cumulative AD relative
differences between the STP and MTP models were 0.8% 6 8.0%,
27.7% 6 4.8%, 0.0% 6 11.4%, 22.8% 6 6.3%, and 22.1% 6

18.4% for kidneys, bone marrow, liver, spleen, and tumors, respec-
tively (Pearson r 5 0.99 for all), for patients who underwent 4 therapy
cycles. Similar results were obtained with fewer therapy cycles.
Conclusion: Estimated radiation ADs and patient management deci-
sions were similar with the STP and MTPmodels. The STP model can
simplify the dosimetry process while also reducing scanner and staff
time and improving patient comfort.

Key Words: peptide receptor radionuclide therapy; PRRT; 177Lu-
DOTATATE; SPECT/CT; single time point; internal dosimetry
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Peptide receptor radionuclide therapy (PRRT) with the radio-
nuclide 177Lu-DOTATATE is effective in the management of
neuroendocrine neoplasms (1–3). Currently, PRRT is administered
following an empiric protocol of 4 fixed doses of 7.4 GBq (200mCi)
of 177Lu-DOTATATE, as approved by the Food and Drug Adminis-
tration (4). However, because the absorbed dose (AD) to critical
organs is highly variable, the therapy dose or number of therapy
cycles might be increased, thereby increasing the AD to tumor sites
without exceeding the critical healthy-organ safety thresholds (5,6).
Several studies have assessed personalized PRRT based on the
patient-specific AD (5–8)—that is, adjusting the number of therapy
cycles—with low toxicity and promising efficacy (6,8).
Dosimetry calculation after PRRT is essential, but the process

requires multiple posttreatment SPECT acquisitions corrected for
photon attenuation (using CT attenuation maps) on several subse-
quent days, followed by complex image processing and calculation
of ADs. The European Association of Nuclear Medicine/MIRD
guidelines for quantitative 177Lu imaging (9) require 3 quantitative
SPECT/CT studies at a time 1 (t1) of 24h, a time 2 of 96h, and a
time 3 (t3) of 168h after the first treatment cycle and a single
SPECT/CT examination at t1 after the following cycles. In a recent
study (10), we trained a multiple-linear-regression (MLR) model on
a set of 40 consecutive patients for prediction of radiation ADs using
a single posttreatment SPECT/CT study performed at a t3 of 168h
after the first therapy cycle and at a t1 of 24h after the subsequent
cycles, with small mean relative differences from our standard
multiple-time-point (MTP) protocol for kidneys, bone marrow, liver,
spleen, and tumor sites. The aim of the present study was to confirm
the accuracy of single-time-point (STP) dosimetry in a large patient
cohort receiving PRRT and to define whether it guides management
decisions similarly to the results obtained with MTP measurements.

MATERIALS AND METHODS

Patient Population
Between November 2011 and March 2022, 297 consecutive patients

with neuroendocrine neoplasms received 1,041 PRRT treatment cycles
with 177Lu-DOTATATE at our institution.

The study inclusion criteria were, first, patients who started and
completed their series of treatments during the defined period; second,
patients who underwent MTP dosimetry following our standard
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protocol, including 3 quantitative SPECT/CT studies at a t1 of 24 h, a
t2 of 98 h, and a t3 of 168h or 2 SPECT/CT studies at t1 and t3 after
the first therapy cycle and a single SPECT/CT study at t1 after the sub-
sequent cycles; and third, patients who were not included in the train-
ing dataset used to generate the STP MLR model (10).

A total of 281 patients had PRRT during this period. Three patients
were excluded because of missing data in the hospital archiving sys-
tem. Of 278 remaining patients, 178 underwent MTP dosimetry with
SPECT/CT in the appropriate acquisition times described above. Nine-
teen patients, included in the training dataset of the previous study,
were excluded from the present study. The remaining 159 patients
(95 men; average age, 60 y; range, 12–88 y) with 477 therapy cycles
(5 cycles in 2 patients, 4 cycles in 57, 3 cycles in 45, 2 cycles in 36,
and 1 cycle in 32) and a total of 172 PRRTs (13 salvage therapies)
were included in this study. In 107 patients who did not complete 4
cycles of PRRT, 27 (25%) stopped receiving the therapy because the
expected kidney dose after the following cycle exceeded 25Gy, 24
(22%) died before completing PRRT, 10 (9%) had disease progres-
sion, and 7 (7%) had general deterioration. The clinical characteristics
of the patients included in the training dataset (10) and in the test data-
set of the present study are summarized in Table 1.

SPECT/CT data were used to calculate the cumulative radiation
ADs for 167 kidneys (right and left), 170 livers, and 150 spleens. Five
kidney pairs, 2 livers, and 20 spleens were excluded because of miss-
ing archived data, and 20 patients underwent splenectomy. Additional
measurements were performed in the bone marrow of 27 patients (145
were excluded because of inappropriate timing of sampling) and 311
tumors using both standard MTP dosimetry and the STP MLR model.

This study was approved by the Institutional Review Board in
accordance with the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards. The requirement to obtain
informed consent was waived.

PRRT Therapy
Infusion of 1.5 L of amino acid solution started at least 30min

before radiopharmaceutical administration and continued for 5–6 h.
177Lu-DOTA-octreotate (Isorad Ltd., Soreq Nuclear Research Center
[396 therapy cycles]; S.R.Y Medical Services Ltd. [81 cycles]) was
coadministered intravenously over 30min (11). The mean injected
activity per treatment cycle was 7.2 6 0.7 MBq. The median cumula-
tive activity per patient was 21.9 GBq (range, 5.7–37.5 GBq). The
interval between treatment cycles was 5–28 wk (median, 7 wk).

Posttreatment Imaging
SPECT/CT studies of the abdomen, including kidneys, liver, and

spleen, were acquired after each cycle of treatment, as previously
described (10,12). When necessary for extraabdominal tumor sites, an
additional field of view was acquired.

Acquisition parameters and camera calibration were previously
described (10). Briefly, studies were acquired either on an Infinia
SPECT/CT (GE Healthcare) (n 5 12, February to September 2012) or

TABLE 1
Patients’ Demographic and Clinical Data

Characteristic
Training

dataset (10) Test dataset

Total number
of patients

40 159

Age (y) 63 6 12
(range, 16–86)

60 6 15
(range, 12–88)

Weight (kg) 69 6 13 72 6 17

Height (cm) 167 6 9 170 6 10

Sex

Male 22 95

Female 18 64

Primary tumor site

Pancreas 13 69

Small bowel 7 12

Lung 5 21

Pheochromocytoma 3 6

Unknown 3 20

Thymus 2 7

Stomach 2 12

Rectum 2 7

Carotid paraganglioma 1 0

Appendix 0 1

Colon 1 4

Paraganglioma 0 2

Esophagus 0 4

Skin 0 3

Sites of metastases

Liver 28 135

Lymph nodes 18 89

Bones 25 70

Lungs 7 26

Peritoneum 3 15

Retroperitoneum 0 9

Thyroid 1 0

Adrenal glands 1 4

Pelvis 0 4

Spleen 0 2

Pancreas 0 23

Qualitative data are number; continuous data are mean 6 SD.

TABLE 2
Regression Coefficients of STP MLR Model in Solid Organs and Tumors

First therapy cycle (ts 5 168 h) Subsequent therapy cycles (ts 5 24 h)

Site a0,k (ln[cm3"mGy/37"MBq]) a1,k (no units) a2,k (h21) a0,k (ln[cm3"mGy/37"MBq]) a1,k (no units) a2,k (h21)

Kidneys 11.86 0.85 0.0111 12.01 0.91 0.0153

Liver 12.26 0.90 0.0090 12.37 0.96 0.0205

Spleen 12.51 0.95 0.0094 12.21 1.00 0.0336

Tumors 12.80 0.99 0.0086 12.80 0.99 0.0086
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on a Discovery NM/CT 670 (GE Healthcare) (n 5 147) with a 20%
energy window around the main 208-keV photopeak of 177Lu and
medium-energy general-purpose collimators.

Image Reconstruction and Analysis
SPECT images were reconstructed with the ordered-subsets expecta-

tion maximization algorithm (2 iterations, 10 subsets), CT attenuation
correction, scatter correction, and resolution recovery (for blurring) and
were processed using the Dosimetry Toolkit (GE Healthcare) software
on the Xeleris 3.0 workstation (GE Healthcare) as previously described
(12). Volumes of interest were placed over the entire healthy organs of
interest and over tumor sites.

Standard MTP Dosimetry Calculation
Of the 172 PRRTs with MTP dosimetry, 162 (94%) were per-

formed using 3 time points, and in 10 therapies 2-time-point dosimetry
was performed. We previously demonstrated that ADs obtained using
a 2-time-point dosimetry protocol (24 and 168 h) show mean relative
differences lower than 1.0% compared with the European Association
of Nuclear Medicine/MIRD protocol (10).

MTP ADs were computed using an in-house interactive data lan-
guage code, taking as input the output file of the Dosimetry Toolkit,
including the volume and activity concentrations in each volume of
interest at every time point. The code performs monoexponential curve
fitting from MTPs (2 or 3) after the first cycle and from an STP for the
following cycles, assuming an unchanged effective half-life between
cycles (13,14), and calculates residence times in the different organs
and tumors. For organs, the MIRD formalism (15) was used for AD
calculation. For tumors, only self-ADs are considered (16). Briefly,
the ADs (mGy) were obtained by multiplying the tumor radioactivity
concentration residence time ([MBq " s]/[MBq " kg]) by the dose con-
centration factor (0.0236 [mGy " kg]/[MBq " s]) and by the adminis-
tered activity (MBq). For bone marrow, AD blood samples were
drawn at a t1 of 24 h and a t3 of 168 h after the first cycle and at t1 after
subsequent cycles. Blood activity concentrations were measured using
a NaI(Tl) well g-counter (Wizard 1480 399; Perkin Elmer). The blood
activity concentration was fitted by a monoexponential curve and

integrated to infinity to estimate the self-AD to the bone marrow,
assuming that the activity concentration in the latter is similar to
blood (17).

STP Dosimetry Calculation
Organ and tumor radiation ADs were estimated from a single

SPECT/CT study using the MLR model previously developed (10). This
model takes 2 independent variables as input (time of imaging after treat-
ment and 177Lu-DOTATATE activity concentration in a given organ or
tumor) and predicts the corresponding ADs for solid organs, bone mar-
row, and tumors. When comparing cumulative kidney dosimetry results
obtained using the MTP model and the STP MLR model, the best agree-
ment was achieved using a single SPECT/CT study acquired at a t3 of
168h after the first therapy cycle and at a t1 of 24h after the following
ones (10). These same time points were used in the present study to pre-
dict the AD by solid organs, tumors, and bone marrow.
Solid Organs and Tumors. Radiation ADs by the kidneys, liver,

spleen, and tumors (rk) were predicted using the following model with
a single SPECT/CT study:

DðrkÞ $ ½akðtsÞ%a1, k " ea2, k ts 1a0, k , Eq. 1

with D(rk) being the AD by rk (mGy), ts being the time of imaging
(h), ak(ts) being the activity concentration in rk at time ts (MBq/cm3)
and a0,k (ln[kg"mGy/MBq]), a1,k having no units, and a2,k (s21)
being the regression coefficients at ts.
Bone Marrow. The largest contribution to the AD is derived from

the self-AD conveyed by the blood, followed by the cross-dose from
the remainder of the body (18). Therefore, the model takes as input
the activity concentration in blood and in the remainder of the body
(MBq/cm3) at time ts: ablood(ts) and aRM(ts), respectively.

DðBMÞ $ ½abloodðtsÞ " uBM;BM 1 aRMðtsÞ " uBM;RM%b1,BM

" eb2,BM ts 1b0;BM , Eq. 2

where uBM,BM and uBM,RM are in kg"mGy/MBq"s; b0,k (ln(s)), b1,k

having no units, and b2,k (s
21) being the regression coefficients of

the bone marrow (BM) model at time ts.
Equations 1 and 2 were used for predic-

tion of the radiation ADs by 167 kidneys
(462 therapies), 150 spleens (412 therapies),
170 livers (467 therapies), 27 bone marrows
(67 therapies), and 311 tumors using a ts of
168 h for the first therapy cycles (n 5 172)
and a ts of 24 h for the following ones (n 5

305). Tables 2 and 3 summarize the regres-
sion coefficients used for solid organs, bone
marrow, and tumors.

Patient Management from Expected
Cumulative Kidney Radiation AD

After each therapy cycle number n, the
expected cumulative kidney AD after the fol-
lowing cycle (n1 1) was defined by adding the
mean ADs of the previous n therapy cycles to

TABLE 3
Regression Coefficients of STP MLR Model in Bone Marrow

Therapy cycle
HBM;BM

(cm3"mGy/37"MBq"h)
HBM,RM

(cm3"mGy/37"MBq"h) b0;BM (ln[h]) b1;BM (no units) b2;BM (h21)

First (ts 5 168 h) 1,879 316 4.59 0.90 0.0101

Subsequent (ts 5 24 h) 1,868 319 4.26 1.07 0.0241

FIGURE 1. Bland–Altman (A) and correlation (B) plots between cumulative kidney ADs after 4
PRRT cycles calculated with STP and MTP protocols.
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the cumulative AD of the n therapies. When the expected cumulative AD
exceeded 25Gy 6 5%, PRRT was stopped, unless decided otherwise by a
multidisciplinary team. Management decisions based on STP MLR calcu-
lation were compared with decisions based on MTP dosimetry.

Statistical Analysis
Patients were separated into 4 independent groups according to the

number of cycles administered (group 1, 1 cycle [32 patients]; group
2, 2 cycles [36 patients]; group 3, 3 cycles [45 patients]; and group 4,
4 cycles [57 patients]).

Differences between cumulative ADs obtained with MTP and STP
MLR-based protocols were assessed with Bland–Altman analysis for
each patient group. Median relative differences and range were also
calculated. The Pearson r correlation coefficient and the angular coef-
ficient a (slope of the linear regression line) were used for correlation
between methods.

To test the hypothesis that patient management based on an STP
protocol does not differ from that based on an MTP protocol in at least
90% of the therapies, an exact 1-tailed binomial test was performed
separately on each group. A Fisher x2 test for combined probabilities
(19) was performed to combine the P values from the different groups
into a single composite P value. A Fisher P value lower than 0.05 was
considered statistically significant. For the 2 patients who received 5
cycles, only mean 6 SD was calculated, and patient management was
not evaluated. SPSS Statistics (IBM Corp., Version 29.0) for Micro-
soft Windows was used for the analysis.

RESULTS

Relative differences and correlations between the cumulative ADs
calculated using our standard MTP model and the STP MLR model

are respectively shown in Figures 1, 2, 3,
and 4 for kidneys, liver, spleen, and tumor
sites for patients who received 4 cycles of
treatment (group 4). For these patients,
mean relative differences of 0.8% 6 8.0%,
27.7% 6 4.8%, 0.03% 6 11.4%,
22.8% 6 6.3%, and 22.1% 6 18.4%
were obtained for 56 kidneys, 5 bone mar-
rows, 57 livers, 48 spleens, and 101
tumors, respectively (Pearson r 5 0.99 for
all). For other patients, similar mean rela-
tive differences were obtained. Table 4
summarizes the mean relative differences,
median, range, and angular coefficients
obtained between both methodologies for

organ and tumor cumulative ADs for patients who received 1–5
therapy cycles (Pearson r 5 0.99 for all).
Effective half-lives of 536 10 h (range, 36–100 h), 736 13 h

(range, 35–109 h), 726 12 h (range, 41–112 h), and 846 26 h
(range, 24–159 h)were obtained with the standard MTP protocol
for kidneys, liver, spleen, and tumors, respectively. The regression
coefficient a2,k (Eq. 1; Table 2) corresponds to the effective decay
constant lk for a given organ or tumor k (10). Comparing the STP
model effective half-life ln(2)/a2,k with the effective half-life
obtained from our MTP protocol, we obtained similar values of
62, 77, 73, and 81 h with a ts of 168 h for kidneys, liver, spleen,
and tumors, respectively.
Patient management based on the expected kidney cumulative

ADs after the next treatment, calculated with the STP MLR model,
was similar to that for the MTP model in 170 of 172 PRRTs. In
1.2% (2/172) of the PRRT therapies, there were different manage-
ment decisions, including 1 of 32 patients in group 1 (3.1%) and 1
of 36 in group 2 (2.7%). The agreement was well over 90%, but
the differences were not statistically significant at the 0.05 level
(0.156 and 0.113, respectively). For groups 3 (n 5 45) and 4 (n 5

57), there was no difference in management (P 5 0.009 and
0.002, respectively). The Fisher x2 test for combined probabilities
produced a composite P value of 0.0003 for the 4 groups.

DISCUSSION

We previously described an MLR model that predicted radiation
ADs by organs and tumors from a single SPECT/CT study
acquired 1 wk after the first post-PRRT cycle and 1 d after subse-
quent cycles, in 32 consecutive neuroendocrine neoplasm patients

(10). In the present study, the model was
evaluated in 159 patients, 172 therapies,
and 477 cycles. To the best of our knowl-
edge, this was the first study assessing an
STP model after PRRT in a large patient
cohort. When the STP MLR model was
used, patient management decisions dif-
fered from those made using the MTP
model in only 2 of 172 therapies (1.2%).
A composite Fisher P value of 0.03% for
the groups of patients who underwent be-
tween 1 and 4 therapy cycles was obtained.
Of note, the independent P values for groups
1 and 2 (each with 1 patient mismanaged)
were expected to be higher than 0.05 in
view of the relatively low number of patients

FIGURE 2. Bland–Altman (A) and correlation (B) plots between cumulative liver ADs after 4 PRRT
cycles calculated with STP and MTP protocols.

FIGURE 3. Bland–Altman (A) and correlation (B) plots between cumulative spleen ADs after 4
PRRT cycles calculated with STP and MTP protocols.
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in these groups. However, both mismanaged patients had high kid-
ney ADs after the first PRRT, underestimated by the STP model
(11.8 and 10Gy vs. 14.2 and 14.4Gy with our standard MTP,
respectively). The expected cumulative ADs exceeded the 25-Gy
threshold after the second therapy cycle with the standard MTP
model and after the third cycle with the STP model. The mean kid-
ney AD with our MTP model in the present study was 5.2Gy.
Patients with high predicted kidney ADs after the first PRRT cycle
should be managed carefully, and the MTP methodology should be
used for the remaining treatment cycles. Recent studies reported

cumulative ADs of as high as 40Gy
(6,8,20,21) with no renal toxicity. There-
fore, the STP model with the kidney
threshold set at 25Gy is not expected to
lead to significant safety problems even for
the 1% of patients managed differently.
There were 3 outlier cumulative kidney

ADs, underestimated by the STP MLR
model. In 2 patients, PRRT was stopped
after a single treatment cycle because of
deterioration in the patients’ clinical status.
No safety issues are expected in this case.
The last patient presented a high kidney
effective half-life of 89 h, likely due to
obstructive uropathy, which may have

caused the relatively large difference in the cumulative AD
obtained from both methods. However, such cases are rare.
H€anscheid et al. (22) have previously demonstrated in 29

patients that a single posttreatment SPECT/CT study performed 4 d
after PRRT provides a reliable time-integrated activity estimation
(self-AD), with median errors of 5%, 6%, 8%, and 6% for kidneys,
liver, spleen, and lesions, respectively. In the present study, includ-
ing 172 PRRTs, median errors in cumulative AD estimates were
significantly lower (kidneys, 0.2%; liver, 1.8%; spleen, 22.5%;
and tumors, 20.9%). Jackson et al. (23) estimated in 29 patients

FIGURE 4. Bland–Altman (A) and correlation (B) plots between cumulative tumor ADs after 4 PRRT
cycles calculated with STP and MTP protocols.

TABLE 4
Differences Between STP and Our MTP Calculations

STP MLR vs. MTP
Kidneys
(n 5 167)

Bone marrow
(n 5 27)

Liver
(n 5 170)

Spleen
(n 5 150)

Tumors
(n 5 311)

Group 1, one cycle (n 5 32)

Relative difference 21.6% 6 13.1%
(n 5 32)

20.8% 6 11.0%
(n 5 12)

0.4% 6 8.3%
(n 5 32)

1.6% 6 2.4%
(n 5 28)

29.0% 6 17.9%
(n 5 56)

Median 23.6% 22.0% 1.2% 2.4% 23.1%

Range 231%–33% 217%–31% 221%–17% 215%–22% 269%–11%

Angular coefficient 1.03 0.99 0.98 0.97 0.98

Group 2, two cycles (n 5 36)

Relative difference 20.3% 6 2.5%
(n 5 33)

2.9%
(n 5 1)

2.5% 6 4.7%
(n 5 36)

23.2% 6 4.9%
(n 5 34)

21.3% 6 9.3%
(n 5 63)

Median 20.9% — 2.5% 22.4% 0.1%

Range 212%–12% — 28%–15% 215%–4% 233%–21%

Angular coefficient 1.03 — 1.00 1.05 1.00

Group 3, three cycles (n 5 45)

Relative difference 20.8% 6 5.5%
(n 5 45)

21.3% 6 2.8%
(n 5 8)

2.5% 6 8.7%
(n 5 43)

22.5% 6 6.2%
(n 5 38)

22.0% 6 13.5%
(n 5 87)

Median 20.2% 21.1% 3.9% 23.7% 21.3%

Range 213%–17% 26%–2% 221%–23% 219%–13% 241%–32%

Angular coefficient 1.03 1.01 1.07 1.02 1.07

Group 4, four cycles (n 5 57)

Relative difference 0.8% 6 8.0%
(n 5 56)

27.7% 6 4.8%
(n 5 5)

20.0% 6 11.4%
(n 5 57)

22.8% 6 6.3%
(n 5 48)

22.1% 6 18.4%
(n 5 101)

Median 1.5% 26.7% 0.9% 22.9% 21.9%

Range 230%–19% 215%–3% 221%–18.3% 223%–11% 262%–89%

Angular coefficient 1.00 1.10 1.09 1.02 1.04

Five cycles (n 5 2),
relative difference

24.6%
(n 5 1)

23.0%
(n 5 1)

2.4% 6 4.8%
(n 5 2)

22.6% 6 1.4%
(n 5 2)

29.2% 6 11.2%
(n 5 4)
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time-integrated activities from tissue-specific dose conversion fac-
tors obtained from the normalization of existing time–activity
curves to a single measurement. Recently, Devasia et al. (24) and
Hardiansyah et al. (25) estimated in 8 patients the radiation ADs
from an STP model using a physiologically based pharmacokinetic
model and a nonlinear mixed effect model.
The present study showed that our STP MLR model produces

similar dosimetry results and persistent patient management deci-
sions compared with MTP dosimetry. It does not necessarily prove
the accuracy of the dosimetry approach or its precision for prevent-
ing toxicity. This STP model could potentially be incorporated into
clinical trials to evaluate whether safety can be estimated from a
single posttreatment imaging study. However, in view of the rela-
tively high SD obtained in the Bland–Altman analysis, it may pre-
sent challenges for prediction of toxicity at the individual level.
A limitation of the present study is that our MTP protocol

includes multiple SPECT/CT studies only after the first therapy
cycle and not after each treatment. The model needs to be further
tested with MTP dosimetry after each treatment cycle. In addition,
10 of 172 (6%) dosimetry calculations were performed with 2-
time-point dosimetry, compared with 162 therapies (94%) with 3
time points. We previously demonstrated mean relative differences
in ADs lower than 1.0% 6 4.0% between the 2- and the 3-time-
point protocols (26). Although the difference in the cumulative
AD obtained in the present study with STP was somewhat higher
(23.0% to 1.5%), it had the same order of magnitude.

CONCLUSION

The present study, performed on a large cohort of 159 patients,
showed that dosimetry results derived from a single post-PRRT
SPECT/CT study were similar to our standard MTP protocol, with
a 1.2% difference in management decisions. STP dosimetry is fea-
sible and can be used with confidence, avoiding the use of labori-
ous software, simplifying calculations, improving patient comfort,
and optimizing departmental workflow and productivity.

KEY POINTS

QUESTION: Can radiation ADs by organs and tumors after PRRT
be estimated from a single SPECT/CT study?

PERTINENT FINDINGS: Quantitative 177Lu-DOTATATE SPECT/CT
data from 159 consecutive patients were retrospectively analyzed to
test an STP MLR model predicting the radiation AD from a single
posttherapy SPECT/CT study in a large patient group. Cumulative
ADs had a mean relative difference from the standard MTP of 0.8%
6 8.0%, 27.7% 6 4.8%, 0.0% 6 11.4%, 22.8% 6 6.3%, and
22.1% 6 18.4% for kidneys, bone marrow, liver, spleen, and
tumors, respectively, for patients who underwent 4 therapy cycles.
Similar results were obtained with fewer therapy cycles. Differences
in management decisions between our standard protocol and the
STP model occurred in 1.2% (2/172) of the therapies.

IMPLICATIONS FOR PATIENT CARE: Dosimetry calculations
using our MLR model for AD estimation with a single quantitative
SPECT/CT study after PRRT are similar to the results obtained
using the standard MTP protocol. The MLR model simplifies the
dosimetry process, reduces scanner and technician time, and
shortens the AD calculation process for the medical physicist.
It may optimize departmental workflow and productivity and
improve patient comfort.
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In this issue of The Journal of Nuclear Medicine, Chicheportiche
et al. (1) compare radiation dosimetry calculated from single-time-
point (STP) imaging to that obtained with multiple-time-point
(MTP) imaging and conclude that they are highly correlated and
that, therefore, the simpler method can be used “with confidence.”
The justifications underpinning their desire to simplify dosimetry
image acquisition are valid, namely the resource intensiveness of
MTP dosimetry and the potential inconvenience and discomfort
for patients. Conversely, they highlight the improved efficiency
and patient experience by moving to STP. Currently in most
nuclear medicine departments, scanner and staff availability are
scaled to diagnostic imaging volumes, with little incremental
bandwidth for time-intensive dosimetry acquisitions. Additionally,
returning over several days for multiple imaging sessions is not a
common patient experience in radiology or nuclear medicine.
Thus, we are currently in a self-fulfilling prophecy wherein dosim-
etry is not widely used because of the complexity, and because it
is not widely used, it is thought to be not particularly impactful.
Studies exploring ways to simplify and streamline the dosimetry
process and improve the patient experience are important for
increasing the likelihood that dosimetry will be adopted by more
institutions for more therapeutic procedures. However, it is of vital
importance to be clear on the intended use of dosimetry and to
ensure that the testing methodology matches the use case. Radio-
pharmaceutical dosimetry can be used to estimate average radia-
tion exposure across a population (common with diagnostic
radiopharmaceuticals), in which situation individual outliers are of
relatively little consequence and comparing the average of results
from one method to another is perfectly adequate and appropriate.
For radiopharmaceutical therapy (RPT), dosimetry could be applied
to the individual patient to make treatment decisions, and in this
case, outlier or discordant measurements can have considerable impact,
potentially even leading to life-threatening or fatal adverse events.
Although the work by Chicheportiche et al. is interesting, rigor-

ous, and compelling, it is important to underscore that it shows
that the 2 methods get the same answer on average. Because the
error bars are still relatively wide, the answer can be discrepant or
inaccurate in any individual. In external-beam radiotherapy, the
expectation is that absorbed dose estimates are accurate to within
5% or better (2). That is, every individual measurement—not the

average of the measurements across a population—is accurate to
within 5%. These treatments, whether external beam or radiophar-
maceutical, have a relatively narrow therapeutic window, and
inaccurate dosimetry puts patients at risk for serious side effects if
overdosed and at risk for ineffective or suboptimally effective
treatment if underdosed. Therefore, to be used to make clinical
decisions in individual patients, dosimetry needs to be both accurate
and precise. Unfortunately, even for MTP dosimetry many studies
highlight that the uncertainty is likely more than 5% (3–5); therefore,
even if MTP and STP agree perfectly, it is not clear whether the
answer has sufficient precision to alter clinical decisions based on
the results. So, it is difficult to make the claim that STP dosimetry
data can be used to make treatment safer or more effective when the
comparator MTP dosimetry results are unlikely sufficiently precise
for that task. Even when provided with the same data, users achieve
results outside the 5% threshold when performing MTP dosimetry;
greater standardization and rigor are therefore required (6).
In the article, the authors indicate an expectation that STP

dosimetry will result in the same clinical choice as MTP dosimetry
in at least 90% of patients. This likely falls short of what is needed
for adoption as a standard patient management strategy (assuming
for the moment that MTP dosimetry could or should be used to
make clinical choices). The outliers are potentially very important.
If up to 10% of the patient population will be “mismanaged” with
STP dosimetry, it would be helpful to understand whether the
patients in whom STP will be less reliable (or come to a different
answer from MTP) can be identified and undergo MTP instead.
The authors indicate that in some cases STP dosimetry signifi-
cantly underestimated the absorbed dose compared with MTP
dosimetry; thus, using a threshold for organ-at-risk dose to flag
potentially discordant STP dosimetry results may not be adequate
for some of the population. As the authors point out, this concern
likely is not at issue for the currently accepted toxicity thresholds
but may be more significant should those toxicity thresholds be
raised. Said another way, these discordances do not matter today for
177Lu-peptide receptor radionuclide therapy because we likely under-
dose a majority of patients. Indeed, especially for the current kidney
dose threshold derived from external-beam radiotherapy (7)—a
threshold that appears to substantially underestimate the renal toler-
ance to RPT (and in particular RPT given over multiple cycles)
(8)—a spuriously low STP dosimetry result is unlikely to result in
patient harm. However, if we were to incorporate dosimetry into dose
selection (whether administered activity per treatment or number of
cycles per patient) along with a future empirically derived organ
limit, these underestimates could be quite clinically significant.
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As the authors discuss, because there is currently very little renal
toxicity resulting from clinical 177Lu-peptide receptor radionuclide
therapy, dosimetry may not be an important patient management
tool in the current treatment setting. However, increased high-
quality dosimetry within the field as a whole will allow for a better
understanding of absorbed doses across larger populations and for
the development of toxicity thresholds based on absorbed dose
from RPT, rather than trying to adapt toxicity thresholds developed
from fractionated external-beam radiation therapy. If there is a
better understanding of the true absorbed dose levels at which we
can expect a 5% or 15% complication rate, this would allow for
potential dose escalation, which may increase the likelihood of a
satisfactory therapeutic response. As a corollary to gaining a better
understanding of the organ-at-risk toxicity thresholds, high-quality
dosimetry on larger patient populations will allow for a better
assessment of absorbed doses to tumors and, potentially, the devel-
opment of expected therapeutic response as a function of RPT
absorbed dose. This may allow for dosimetry to be used not only to
assess the likelihood of complications due to RPT but also to deter-
mine an expected number of cycles to get the desired response. It
could help us move away from empiric dosing and toward individ-
ualized treatment planning. At first glance, one may infer that at
least at the population level, STP could be used for this purpose,
but this use would be valid only if toxicity or tumor response is
also aggregated at a population level to mitigate the effects of out-
lier measurements. Ideally, future development of normal-tissue
complication probability curves and tumor control probability curves
will rely on high-quality dosimetry data that are unlikely to be
obtained from STP methodologies (or maybe even from SPECT/CT
dosimetry in general).
Finally, the idea that MTP is too inconvenient or uncomfortable

for a patient should be revisited. In radiation oncology, patients
generally undergo several diagnostic studies before their decision
to receive external-beam radiotherapy. They get at least a CT sim-
ulation as part of the treatment planning process and potentially
additional PET, MRI, or ultrasound studies over one or more days.
Then, they return several days or weeks later for daily treatments
that can last for 8 wk or longer. This is certainly inconvenient for
the patient but important for their anticipated successful outcome
(and less inconvenient than cancer death). If RPT were approached
similarly to fractionated external-beam therapy in radiation oncol-
ogy, where the patient’s expectations are set from the initial dis-
cussions about the treatment planning and delivery process, MTP
dosimetry may not be viewed as an inconvenience but as an impor-
tant part of the treatment planning and administration process that is

integral to ensuring the best possible outcome. Improving scanning
and reconstruction technologies to reduce the imaging time required
while maintaining high-quality image data will be important for
improving the patient experience.
Certainly, the issues around dosimetry imaging acquisition are

complex and include reimbursement, standardization, reproducibil-
ity, and accessibility; they will need to be addressed. We will then
need evidence that patient-specific dosing, informed by dosimetry,
is superior to population-level dose administration. To realize that
goal, RPT dosimetry must be accurate and precise not only across
a population but also at the individual level. The simpler the
better, but simplification cannot be achieved at the expense of
reliability in a significant subset of patients.
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Membrane and Nuclear Absorbed Doses from 177Lu and
161Tb in Tumor Clusters: Effect of Cellular Heterogeneity
and Potential Benefit of Dual Targeting—A Monte
Carlo Study
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Early use of targeted radionuclide therapy to eradicate tumor cell clus-
ters and micrometastases might offer cure. However, there is a need to
select appropriate radionuclides and assess the potential impact of het-
erogeneous targeting. Methods: The Monte Carlo code CELLDOSE
was used to assess membrane and nuclear absorbed doses from 177Lu
and 161Tb (b2-emitter with additional conversion and Auger electrons) in
a cluster of 19cells (14-mm diameter, 10-mm nucleus). The radionuclide
distributions considered were cell surface, intracytoplasmic, or intranuc-
lear, with 1,436MeV released per labeled cell. To model heterogeneous
targeting, 4 of the 19cells were unlabeled, their position being stochasti-
cally determined. We simulated situations of single targeting, as well as
dual targeting, with the 2 radiopharmaceuticals aiming at different tar-
gets. Results: 161Tb delivered 2- to 6-fold higher absorbed doses to cell
membranes and 2- to 3-fold higher nuclear doses than 177Lu. When all
19cells were targeted, membrane and nuclear absorbed doses were
dependent mainly on radionuclide location. With cell surface location,
membrane absorbed doses were substantially higher than nuclear
absorbed doses, both with 177Lu (38–41 vs. 4.7–7.2Gy) and with 161Tb
(237–244 vs. 9.8–15.1Gy). However, when 4cells were not targeted by
the cell surface radiopharmaceutical, the membranes of these cells
received on average only 9.6% of the 177Lu absorbed dose and 2.9% of
the 161Tb dose, compared with a cluster with uniform cell targeting,
whereas the impact on nuclear absorbed doses was moderate. With an
intranuclear radionuclide location, the nuclei of unlabeled cells received
only 17% of the 177Lu absorbed dose and 10.8% of the 161Tb dose,
compared with situations with uniform targeting. With an intracytoplas-
mic location, nuclear and membrane absorbed doses to unlabeled cells
were one half to one quarter those obtained with uniform targeting, both
for 177Lu and for 161Tb. Dual targeting was beneficial in minimizing
absorbed dose heterogeneities. Conclusion: To eradicate tumor cell
clusters, 161Tb may be a better candidate than 177Lu. Heterogeneous
cell targeting can lead to substantial heterogeneities in absorbed doses.
Dual targeting was helpful in reducing dose heterogeneity and should be
explored in preclinical and clinical studies.

KeyWords: targeted radionuclide therapy; 177Lu; 161Tb; terbium-161;
absorbed dose
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Targeted radionuclide therapy (TRT) uses radiopharmaceuti-
cals that bind to tumors to deliver targeted radiation. Significant
successes have been recorded in recent years (1), notably in metastatic
neuroendocrine tumors with the radiolabeled somatostatin analog
177Lu-DOTATATE (2) and in castration-resistant metastatic prostate
cancer with 177Lu-PSMA (3,4). Currently, TRT is used mainly in
advanced metastatic disease. There is, however, significant interest in
moving TRT earlier with the hope of achieving cure, following the
example of 131I therapy in thyroid cancer (5,6).
Distant metastases start with the shedding of circulating tumor

cells (CTCs) from the primary site into the blood, where CTCs are
found as single cells or as clusters (2 to .50 cells) (7,8). CTC clus-
ters can be homotypic (made of cancer cells only) or heterotypic
(associating with other cells, such as macrophages, neutrophils, plate-
lets, and fibroblasts) (7,8). CTC clusters have 20- to 100-fold greater
metastatic potential than single CTCs because of an increased ability
to survive within the bloodstream, evade the immune system, and
initiate metastatic lesions at distant sites (8). Their presence in blood
is generally associated with unfavorable clinical outcomes (7,8).
The use of TRT to eradicate CTC clusters, micrometastases, or

minimal residual disease (7–9) is highly relevant. However, currently
used radionuclides, emitting medium-energy (177Lu, 131I) or high-
energy (90Y) b2 particles, are suboptimal for TRT of tiny tumor
lesions, as most of the energy will be deposited outside the lesions
(10–12). Other radionuclides are now being explored, including
more suitable b2 emitters, a-emitters, and Auger electron emitters.

161Tb has relevant properties for TRT, including for small
lesions (12–17). Indeed, in addition to a b2 spectrum (mean
energy, 154 keV, comparable to 177Lu 133keV), 161Tb emits mul-
tiple low-energy conversion electrons and very low-energy Auger
electrons that confer an advantage to 161Tb over 177Lu at up to
about 30mm from the decay site (14). As radiolanthanides, 161Tb
and 177Lu share similar chemistry (13,17). The 161Tb half-life
(6.96 d) is close to that of 177Lu (6.65 d). Like 177Lu, 161Tb emits
photons useful for imaging. Moreover, 2 isotopes (155Tb, 152Tb)
offer the possibility for SPECT or PET imaging before therapy
(13,14). The superiority of 161Tb over 177Lu has been documented
in preclinical studies (17). Also, a recently published case report
provided proof-of-concept clinical evidence of the therapeutic
potential of 161Tb-PSMA-617 in prostate cancer (18).
We previously showed that, when all cells in a tumor cluster are

targeted, 161Tb delivered 2- to 3-fold higher nuclear absorbed
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doses than 177Lu (15). However, cell targeting can be nonuniform,
such as when some cells lose the target that allows the radiopharma-
ceutical (radioligand) to be recognized or attached. This nonunifor-
mity should lead to heterogeneity in absorbed dose (19–21). Thus, we
here modeled situations of uniform and nonuniform targeting with
177Lu and 161Tb within tumor clusters. We assessed nuclear absorbed
doses in labeled and unlabeled cells (19,20,22). We also assessed
absorbed doses to the cell membrane, another important target for
TRT (23,24). Finally, as multitargeting is now widely used in oncol-
ogy to counter tumor heterogeneity (25) and has been suggested in
TRT (1,26,27), we assessed through Monte Carlo modeling whether a
second targeting radiopharmaceutical, the distribution of which is
independent of the first, may reduce absorbed dose heterogeneities.

MATERIALS AND METHODS

We assessed absorbed doses from simulations performed with
CELLDOSE (11,28). 177Lu and 161Tb electron emissions were taken
from the International Commission on Radiological Protection publi-
cation 107 (29). The whole b2 spectrum was considered, as well as
all conversion and Auger electrons with a probability greater than
0.01%. The tumor cluster consisted of 19 cells with a central cell sur-
rounded by 6 immediate neighbors and a second layer of 12 neighbors
(Fig. 1A). Each cell had a 14-mm diameter, a 10-nm-thick membrane,
and a centered nucleus of 10 mm (Fig. 1B). Three distributions of the
radionuclide were investigated: cell surface, intracytoplasmic, and
intranuclear. We assessed absorbed doses to cell nuclei and cell mem-
branes (with an intranuclear radionuclide location, only nuclear
absorbed doses were assessed). For each cell, we individualized the
self-dose and the cross-dose from surrounding cells (22).

CELLDOSE is a homemade Monte Carlo track-structure code for sim-
ulating the transport of electrons in water, based on differential and total
interaction cross sections describing the elastic scattering, electronic exci-
tation, and ionization (11,12,14). This code has been validated against
experimental data and benchmarked against various codes. Photons are
neglected. This is also the case in other studies on cell clusters, given the
negligible energy deposited by x and g photons (20,22). The energy
transferred from primary and secondary electrons to the medium is
scored event by event until their kinetic energy falls below 7.4 eV (i.e.,
the excitation threshold of the water molecule in liquid phase), and resid-
ual energy is assumed to be deposited locally (11). This ability of CELL-
DOSE to follow electrons until a low-energy level allows assessing
absorbed dose in the 10-nm-thick cell membrane. The uncertainty associ-
ated with the energy deposits of subcutoff electrons (,7.4 eV) becomes
relevant only when considering subnanometer structures (30).

Because electron energy per decay differs between 177Lu (147.9 keV)
and 161Tb (202.5 keV), simulations were normalized considering that
1,436 MeV were released per labeled cell from either cell surface, cyto-
plasm, or nucleus (9,709 decays of 177Lu or 7,091 decays of 161Tb). The
figure of 1,436 MeV was selected considering cell volume (1,436 mm3)
and 1 MeV released per cubic micrometer (12,14,15).

We considered situations of uniform cell targeting, as well as situa-
tions of nonuniform targeting in which 4 of 19 cells in the clusters
were unlabeled (hatched cells in Fig. 1A).

Finally, to assess the usefulness of dual targeting in counteracting dose
heterogeneity from nonuniform targeting, we performed for each situa-
tion 2 simulations, one mimicking the first radiopharmaceutical and the
other mimicking a second radiopharmaceutical. Both radiopharmaceuti-
cals are labeled with the same radionuclide, either 177Lu or 161Tb, and
distribute to similar compartments (cell surface, intracytoplasmic, or
intranuclear compartment). However, they aim at 2 different targets. The
expression of these targets on tumor cells are independent of one another.
With each radiopharmaceutical, 4 cells are unlabeled, their position in the
cluster being randomly selected. Thus, after successive simulations with
the 2 radiopharmaceuticals, a cell can be double-labeled, single-labeled,
or unlabeled. We took the mean absorbed dose from the 2 simulations.

RESULTS

Absorbed Doses Delivered by 177Lu and 161Tb When All Cells
in the Cluster Are Labeled
When the radionuclide is at the cell surface, the absorbed doses to

the cell membranes are high (177Lu, 38–41Gy; 161Tb, 237–244Gy),
with a large contribution from self-dose (Table 1), whereas nuclear

FIGURE 1. Tumor cluster model. In present study, hatched cells (4/19)
contained no activity. (Adapted from (15).)

TABLE 1
Absorbed Doses from 177Lu and 161Tb to Membrane of Cells Within Tumor Cluster,* Considering Various

Distributions of Radionuclide

Parameter

Cell surface location of radionuclide (M  CS) Intracytoplasmic location of radionuclide (M  Cy)

Central cell First neighbors Second neighbors Central cell First neighbors Second neighbors

177Lu 41.3 39.9 38.2 9.4 8.1 6.7

Self-dose 35 (85%) 35 (88%) 35 (92%) 3.7 (39%) 3.7 (46%) 3.7 (55%)
161Tb 244 241 237 22.9 20.1 16.9

Self-dose 231 (95%) 231 (96%) 231 (97%) 11.6 (51%) 11.6 (58%) 11.6 (69%)

Dose ratio
161Tb/177Lu

5.9 6.0 6.2 2.4 2.5 2.5

*Given symmetry of system, cells of a given neighborhood receive same dose (Fig. 1).
Dose data are in grays. Self-dose represents dose that would be received by isolated tumor cell.
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absorbed doses are comparatively low (177Lu, 4.7–7.2Gy; 161Tb,
9.8–15.1Gy) (Table 2). The dose to the membrane is heterogeneous,
consisting of multiple impact points. Indeed, if we consider that local
interactions around a decay point would occur mostly in a cylinder
of 10-nm height (membrane thickness) and 10-nm radius, the ratio
between the volume of this cylinder and that of the whole membrane
is 5.13 1027. So, even after considering all decays (177Lu, 9,709;
161Tb, 7,091), local interactions involve 0.5% or less of the cell
membrane. Also, as measured with CELLDOSE, the absorbed dose
to a cylinder (10-nm height, 10-nm radius) from a decay occurring at
its surface is extremely high (177Lu, 3,585Gy; 161Tb, 37,555Gy).
With the radionuclide in a intracytoplasmic location, absorbed

doses to the cell membranes (177Lu, 6.7–9.4Gy; 161Tb, 16.9–20.1Gy)
are comparable to nuclear absorbed doses (177Lu, 5.8–8.3Gy; 161Tb,
12.9–17.9Gy) (Tables 1 and 2). Finally, when the radionuclide is in
an intranuclear location, nuclear absorbed doses are high (177Lu,
13.5–15.7Gy; 161Tb, 43.1–47.8Gy), with a large contribution from
self-dose (Table 2).
In Figure 2, we plot membrane and nuclear absorbed doses to

the central cell of the cluster for the different configurations.
Absorbed doses delivered by 161Tb are consistently higher than

those delivered by 177Lu. The highest 161Tb/177Lu absorbed dose
ratio ($6.1) is for cell membranes when the radionuclide is on the
cell surface (Table 1).

Effect of Heterogeneous Cell Targeting on 177Lu and 161Tb
Absorbed Doses
Figure 3 shows absorbed doses delivered by 177Lu (Fig. 3A)

and 161Tb (Fig. 3B) in situations of uniform targeting and hetero-
geneous targeting. The mean absorbed dose is when all 19 cells
are targeted, with doses to individual cells depending on their posi-
tion within the cluster. The figure also indicates 50% of this mean
dose (0.5D) and 25% (0.25D). When 4 cells are unlabeled, the
cluster contains only 79% of the total activity. Absorbed doses to
labeled cells are lower than with uniform targeting because of a
reduced cross-dose. The impact on unlabeled tumor cells is more
pronounced and is dependent mainly on the specific configuration
of radionuclide location or target.
With an intracytoplasmic radionuclide location, membrane and

nuclear absorbed doses to the 4 unlabeled cells ranged between
0.25D and 0.5D, both for 177Lu and for 161Tb (Fig. 3). The
absorbed dose to a given cell also depends on its position and the
labeling state of adjacent cells.
With the radionuclide at the cell surface, nonuniform targeting

resulted in substantial heterogeneity in absorbed doses to cell
membranes (Fig. 3). With 177Lu, unlabeled cells received between
2.3 and 4.5Gy, or on average only 9.6% of the mean dose for a
homogeneously targeted cluster (38.9Gy). With 161Tb, heteroge-
neity is even more pronounced. Absorbed doses to membranes of
unlabeled cells ranged between 5.0 and 12.4Gy, or on average
only 2.9% of the dose with uniform targeting (238Gy). The
impact on nuclear absorbed doses is here lower. The nuclei of
unlabeled cells received on average 60% of the 177Lu absorbed
doses, or 48% of the 161Tb doses, as compared with a cluster with
uniform targeting (Fig. 3).
With intranuclear 177Lu (Fig. 3), the nuclei of unlabeled cells

received 1.7–3.0Gy, or on average 17.2% of the dose expected
with uniform targeting (14.0Gy). With 161Tb, unlabeled cells
received 3.5–5.9Gy, or only 10.8% of the dose expected with uni-
form cell targeting (44.0Gy).

TABLE 2
Absorbed Doses from 177Lu and 161Tb to Nucleus of Cells Within Tumor Cluster,* Considering Various

Distributions of Radionuclide

Parameter

Cell surface location of
radionuclide (N  CS)

Intracytoplasmic location
of radionuclide (N  Cy)

Intranuclear location
of radionuclide (N  N)

Central
cell

First
neighbors

Second
neighbors

Central
cell

First
neighbors

Second
neighbors

Central
cell

First
neighbors

Second
neighbors

177Lu 7.2 6.0 4.7 8.3 7.0 5.8 15.7 14.6 13.5

Self-dose 1.9 (26%) 1.9 (32%) 1.9 (40%) 3.0 (36%) 3.0 (43%) 3.0 (52%) 10.7 (68%) 10.7 (73%) 10.7 (79%)
161Tb 15.1 12.4 9.8 17.9 15.3 12.9 47.8 45.2 43.1

Self-dose 5.0 (33%) 5.0 (40%) 5.0 (51%) 8.3 (46%) 8.3 (54%) 8.3 (64%) 38.6 (81%) 38.6 (85%) 38.6 (90%)

Dose ratio
161Tb/177Lu

2.1 2.1 2.1 2.2 2.2 2.2 3.0 3.1 3.2

*Given symmetry of system, cells of a given neighborhood receive same dose (Fig. 1).
Dose data are in grays. Self-dose represents dose that would be received by isolated tumor cell.

FIGURE 2. Absorbed doses to central cell of cluster from 177Lu (blue)
and 161Tb (red).
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Assessment of Dual Targeting as a Strategy to Compensate
for Heterogeneity
With an intracytoplasmic radionuclide, dual targeting minimized

heterogeneities in membrane and nuclear absorbed doses (Fig. 4).
Most unlabeled cells, which had dose levels between 0.25D and
0.5D, reached 0.5D with dual targeting. Because of the stochastic
aspect, 1 cell in the 161Tb simulation was untargeted by either radio-
pharmaceutical and stayed at about 0.25D. In our model (4/19 untar-
geted cells), the probabilities that clusters contain one or more cells
missed by both radiopharmaceuticals are about 47% for 1 cell, 6.3%
for 2 cells, 1.6% for 3 cells, and 0.03% for all 4 cells.
With the radionuclide at the cell surface, and the membrane as the

target, dual targeting showed substantial benefit (Fig. 4). With 177Lu, in
3cells with a dose initially less than 12%, the mean dose reached 0.5D
with the second radiopharmaceutical. With 161Tb, again because of the
stochastic aspect, only 2cells received compensation, moving from
2.2% of the mean dose to 0.5D. As heterogeneities in nuclear absorbed
doses were less pronounced, dual targeting had almost no impact
(177Lu) or only modest benefit (161Tb) (Fig. 4).

With an intranuclear radionuclide loca-
tion, dual targeting was beneficial in mini-
mizing heterogeneities in nuclear absorbed
doses (Fig. 4). With 161Tb, for example,
3 of the 4 unlabeled cells, with a dose
level well below 0.25D, reached 0.5D
level at the second targeting. Compensa-
tion was accompanied by a decrease in
absorbed dose to other cells in the cluster,
which, however, remained above the 0.5D
level.

DISCUSSION

Used as adjuvant therapy to target CTC
and micrometastases, or as consolidation
therapy for minimal residual disease, TRT
has the potential to be curative (5–9,31).
Radionuclides that can increase the ab-
sorbed dose in tiny tumors would be rele-
vant in these settings. 161Tb, a b2-emitter
with coemissions of Auger electrons, is one
interesting candidate (12–17). Interest in
161Tb is growing, and 2 clinical trials on
patients with advanced disease have started
recruitment. The phase I/II trial VIOLET is
assessing the safety and efficacy of 161Tb-
PSMA-I&T in men with castration-resistant
prostate cancer (NCT05521412). A phase 0
proof-of concept study is measuring the
therapeutic index of the somatostatin antag-
onist 161Tb-DOTA-LM3, in comparison to
177Lu-DOTATOC, in patients with gastro-
enteropancreatic neuroendocrine tumors
(NCT05359146).
In our tumor cluster model, when all

19cells were targeted, and depending on the
location of the radionuclide, 161Tb delivered
a 2- to 3-fold higher nuclear absorbed doses
than 177Lu but also 2- to 6-fold higher
absorbed doses to cell membranes (Tables 1
and 2; Fig. 2). Interaction of ionizing radia-

tion with the cell membrane induces sphingomyelin hydrolysis to
ceramide, initiating apoptosis (32). Since a number of radiopharmaceu-
ticals reside on the membrane without being internalized (e.g., neuro-
peptide antagonist analogs and many antibodies), understanding the
role of the cell membrane as a target becomes particularly important,
specifically for TRT. Membrane irradiation by Auger electrons or
a-particles is highly cytotoxic through various mechanisms (23,24,33).
With the radionuclide at the cell surface, absorbed doses to cell mem-
branes were higher than nuclear doses, both with 177Lu (7.4-fold
higher: 38–41 vs. 4.7–7.2Gy) and with 161Tb (22-fold higher:
237–244 vs. 9.8–15.1Gy) (Tables 1 and 2). Also, 161Tb showed sub-
stantial superiority (161Tb/177Lu dose ratio, $6.1) (Table 1; Fig. 2).
Importantly, a recent preclinical study showed highly enhanced effi-
cacy for TRT with 161Tb-labeled somatostatin antagonists that stay at
the cell membrane (34).
Damage to membranes can also impair the motility and invasion

abilities of cells (35), which may impact the fate of CTC. Therefore,
the impact of radiopharmaceuticals in this regard also deserves
investigation.

FIGURE 3. Absorbed doses from 177Lu and 161Tb to cell membranes and nuclei for situations of uni-
form cell targeting (amber) and nonuniform targeting (blue, with dark blue corresponding to labeled cells
and light blue to 4 unlabeled cells) and for various distributions of radionuclide. Green line represents
mean absorbed dose for uniform targeting; red line corresponds to 0.5D and black line to 0.25D. Cell 1
is central cell, cells 2–7 are first neighbors, and cells 8–19 are second neighbors. For a given radionu-
clide distribution (e.g., intracytoplasmic), same simulation allowed assessment of absorbed doses to
cell membranes and to nuclei. CS5 cell surface; Cy5 cytoplasm; M5 membranes; N5 nuclei.
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When aiming to eradicate small tumors, the potential impact of
nonuniform cell targeting should be assessed (19–21). Loss of
target expression can be present from the outset or occur during
disease evolution or under pressure from previous therapies. We
modeled a situation of moderate nonuniformity in which 4 of
19 cells were unlabeled, their positions within the cluster being
stochastically determined. With an intranuclear radionuclide,
nuclear absorbed doses to unlabeled cells were on average only
17.2% (177Lu) or 10.8% (161Tb) those obtained with uniform target-
ing (Fig. 3), pointing to the importance of the self-dose (Table 2).
Thus, efforts toward achieving an intranuclear location for Auger
emitters (36,37) should also aim at targeting of all cells. With intra-
cytoplasmic radionuclides, absorbed doses to the membranes and
nuclei of unlabeled cells were 25%–50% those obtained with
uniform targeting (Fig. 3). With cell surface radiopharmaceuticals,
nonuniform targeting resulted in major heterogeneity in absorbed
doses to cell membranes but not to nuclei. Membranes of unla-
beled cells received about 9.6% of the 177Lu absorbed dose or
about 2.9% of the 161Tb dose, compared with uniform targeting
(Fig. 3).

Dual targeting is being actively investi-
gated in cancer therapy to counter tumor
heterogeneity (25). Multiple targeting is also
possible with TRT (1,26,27). If the organs
at risk differ, then an appropriate combina-
tion of 2 radiopharmaceuticals might also
offer better tolerance (1,26). Through Monte
Carlo simulation, we assessed whether dual
targeting may minimize absorbed dose
heterogeneities. With an intranuclear radio-
nuclide location, dual targeting appeared
helpful (Fig. 4). Developing many radio-
pharmaceuticals having an intranuclear loca-
tion might not be simple, however. With an
intracytoplasmic radionuclide, dual targeting
showed some benefit (Fig. 4). With cell sur-
face radiopharmaceuticals, dual targeting
showed a major benefit in reducing cell
membrane dose heterogeneities (Fig. 4),
with little impact on nuclear absorbed doses.
The benefit from dual targeting would thus
depend on the relative importance of the
cell membrane as a target (23,24,34). Dual
targeting is feasible given the increasing
number of identified cell surface targets and
designed radioligands.
Our study had some limitations. We

considered cells with a uniform size,
spheric shape, and centered nucleus. Cell
targeting was considered binary (labeled/
unlabeled); activity content can be more
nuanced. Only one simulation was per-
formed for each situation. Our aim was
simply to help understand the relative
merit of diverse targeting strategies (Figs.
3 and 4). With dual targeting, we consid-
ered 2 radiopharmaceuticals in the same
cell compartment, with the same radio-
nuclide. Other approaches, such as com-
bining internalizing and noninternalizing

radiopharmaceuticals or different radionuclides, can be envisioned.
In this work, we focused on 2 targets: the nucleus and the cell
membrane (23,24). However, cytoplasmic organelles, such as mito-
chondria and lysosomes, can also play a role in inducing cell death
from a dose deposit linked to internalizing peptides or antibodies
that could have a strong cytotoxic effect when using Auger or
a-emitters (33,38). In future work, we intend to also model the
dose deposit in cytoplasm and cytoplasmic organelles with CELL-
DOSE from 177Lu, 161Tb, and Auger emitters. Finally, besides
effects on targeted cells, TRT can also impact nontargeted cells
through bystander effects or immune responses (33,39,40). Indeed,
absorbed dose is only one step toward understanding the complex-
ity of radiobiologic effects in TRT (33,40).

CONCLUSION

When aiming at CTC clusters, micrometastases, or minimal
residual disease, 161Tb is a better candidate than 177Lu, delivering
higher absorbed doses. The role of the cell membrane as a target
deserves attention. With cell surface radiopharmaceuticals, doses
to cell membranes are high—notably so with 161Tb. Nonuniform

FIGURE 4. Absorbed doses in situations of nonuniform cell targeting: comparison between single
and dual targeting. For single targeting, nonuniform targeting is in blue, with dark blue corresponding to
labeled cells and light blue to 4 unlabeled cells. For dual targeting, absorbed doses from first radiophar-
maceutical are in blue (dark blue for labeled cells and light blue for unlabeled cells), whereas absorbed
doses delivered by second radiopharmaceutical are in red (dark red for labeled cells and light red for
unlabeled cells). CS5 cell surface; Cy5 cytoplasm; M5membranes; N5 nuclei.

177LU OR
161TB TRT OF TUMOR CLUSTERS & Larouze et al. 1623



cell targeting leads to absorbed dose heterogeneity that can impact
the efficacy of TRT. Dual targeting can minimize this heterogene-
ity and should be further investigated.
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KEY POINTS

QUESTION: Is the novel radionuclide 161Tb suitable for TRT of
tumor cell clusters?

PERTINENT FINDINGS: Our Monte Carlo simulations showed
that 161Tb delivers higher absorbed doses than 177Lu to nuclei and
cell membranes, whatever the location of a radiopharmaceutical.
Nonuniform cell targeting resulted in absorbed dose heterogeneity
that could be countered through dual targeting.

IMPLICATIONS FOR PATIENT CARE: 161Tb can be a better
radionuclide for clinical trials aiming at eradicating tumor cell
clusters and micrometastases.
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The favorable decay characteristics of 161Tb attracted the interest of
clinicians in using this novel radionuclide for radioligand therapy (RLT).
161Tb decays with a similar half-life to 177Lu, but beyond the emission
of b2-particles and g-rays, 161Tb also emits conversion and Auger elec-
trons, which may be particularly effective to eliminate micrometastases.
The aim of this study was to compare the dosimetry and therapeutic
efficacy of 161Tb and 177Lu in tumor-bearing mice using SibuDAB and
PSMA-I&T, which differ in their blood residence time and tumor uptake.
Methods: [161Tb]Tb-SibuDAB and [161Tb]Tb-PSMA-I&T were evalu-
ated in vitro and investigated in biodistribution, imaging, and therapy
studies using PC-3 PIP tumor–bearing mice. The 177Lu-labeled coun-
terparts served for dose calculations and comparison of therapeutic
efficacy. The tolerability of RLT in mice was monitored on the basis of
body mass, blood plasma parameters, blood cell counts, and the his-
tology of relevant organs and tissues. Results: The prostate-specific
membrane antigen (PSMA)–targeting radioligands, irrespective of
whether labeled with 161Tb or 177Lu, showed similar in vitro data and
comparable tissue distribution profiles. As a result of the albumin-
binding properties, [161Tb]Tb/[177Lu]Lu-SibuDAB had an enhanced
blood residence time and higher tumor uptake (62%–69% injected
activity per gram at 24h after injection) than [161Tb]Tb/[177Lu]Lu-
PSMA-I&T (30%–35% injected activity per gram at 24h after injec-
tion). [161Tb]Tb-SibuDAB inhibited tumor growth more effectively
than [161Tb]Tb-PSMA-I&T, as can be ascribed to its 4-fold increased
absorbed tumor dose. At any of the applied activities, the 161Tb-based
radioligands were therapeutically more effective than their 177Lu-
labeled counterparts, as agreed with the approximately 40% increased
tumor dose of 161Tb compared with that of 177Lu. Under the given
experimental conditions, no obvious adverse events were observed.
Conclusion: The data of this study indicate the promising potential
of 161Tb in combination with SibuDAB for RLT of prostate cancer.
Future clinical studies using 161Tb-based RLT will shed light on a
potential clinical benefit of 161Tb over 177Lu.

Key Words: PSMA; prostate cancer; 161Tb; albumin-binding radioli-
gand; radioligand therapy
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Radioligand therapy (RLT) using prostate-specific membrane
antigen (PSMA)–targeting radioligands emerged as an effective
means for the treatment of patients with metastatic castration-resistant
prostate cancer (1–3). The positive outcome of a clinical phase III
study (VISION; NCT0351166) using [177Lu]Lu-PSMA-617 (4) led
to the approval of this radioligand (Pluvicto; Novartis) for the treat-
ment of patients with PSMA-positive metastatic castration-resistant
prostate cancer. [177Lu]Lu-PSMA-I&T, a similar radioligand, has
also been used clinically for the treatment of metastatic castration-
resistant prostate cancer (5–7).
Currently, several clinical trials are ongoing to investigate a

potential benefit of 177Lu-based RLT in patients at an earlier dis-
ease stage (8–12). b2-particles have a relatively long tissue range
(177Lu, 2mm) and thus are suitable for the treatment of macrome-
tastases; however, they are not effective enough to eliminate micro-
metastases, an ability that would be essential for these patients to
achieve long-term disease control. RLT using an a-particle emitter
may be an option to address this situation; however, severe side
effects will prevent the use of 225Ac-based RLT in patients with a
generally good prognosis (13,14).

161Tb has attracted the attention of clinicians and researchers
alike. It shares similar chemical properties and physical decay charac-
teristics (b2-particles and g-ray emission) with 177Lu but coemits
low-energy conversion and Auger electrons. Since Auger electrons
have an ultrashort tissue range (,500 nm) and, hence, a high linear
energy transfer (4–26 keV/mm), they may be particularly effective
to eliminate single and clustered cancer cells (15,16). In our previ-
ous work, we demonstrated that 161Tb outperforms 177Lu in cell-
based in vitro assays irrespective of the applied targeting concept
(17–19). Preclinical therapy studies using [161Tb]Tb-PSMA-617 in
xenografted mice showed a dose-dependent tumor growth delay
and survival.
Currently, [161Tb]Tb-PSMA-I&T (VIOLET; NCT05521412 (20))

and [161Tb]Tb-PSMA-617 (REALITY; NCT04833517 (21) are
applied to metastatic castration-resistant prostate cancer patients in
phase I and II clinical studies and on a compassionate-use basis
under the local regulatory framework (22).
At the Paul Scherrer Institute, we have developed several gen-

erations of albumin-binding PSMA ligands that are character-
ized by an enhanced blood circulation time and, as a result,
higher tumor accumulation than for PSMA-617 or PSMA-I&T.
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[177Lu]Lu-PSMA-ALB-56, derivatized with a p-tolyl–based albu-
min binder, showed promising therapeutic efficacy in preclinical
studies (23); however, the long blood residence time observed in
patients affected the bone marrow dose unfavorably (24). [177Lu]Lu-
SibuDAB, the S-isomer of [177Lu]Lu-Ibu-DAB-PSMA (25,26), was
developed as an optimized PSMA ligand with moderate albumin-
binding properties (27). The tolerability of this new class of
ibuprofen-derivatized PSMA radioligands was in the same range
as for conventional PSMA radioligands (26).
The goal of this study was to investigate SibuDAB in combina-

tion with 161Tb and assess the potential benefit of this novel RLT
concept. We performed preclinical studies to evaluate [161Tb]Tb-
SibuDAB and [161Tb]Tb-PSMA-I&T in comparison to their 177Lu-
labeled counterparts with regard to dosimetry estimations and
therapeutic efficacy.

MATERIALS AND METHODS

Detailed methods are presented as a supplemental data file (supple-
mental materials are available at http://jnm.snmjournals.org). This study
was performed in agreement with national laws and the institutional
internal guidelines on radiation safety.

Radioligand Preparation and In Vitro Characterization
SibuDAB (S-isomer of Ibu-DAB-PSMA (27)) and PSMA-I&T

were labeled under standard conditions at molar activities of up to
50 MBq/nmol, with radiochemical purity of more than 98% (Supple-
mental Figs. 1 and 2). The radiolytic stability of [161Tb]Tb-SibuDAB
and [161Tb]Tb/[177Lu]Lu-PSMA-I&T, their distribution coefficients
(logD values), and cell uptake in PSMA-positive PC-3 PIP and PSMA-
negative PC-3 flu tumor cells (provided by Martin Pomper, Johns
Hopkins University School of Medicine) were determined as previ-
ously reported for [177Lu]Lu-SibuDAB (27). The in vitro albumin-
binding capacity of the radioligands was determined according to an
established protocol (28).

In Vivo Studies
All applicable international, national, or institutional guidelines for

the care and use of laboratory animals were followed, and all animal
experiments were performed according to the guidelines of Swiss Reg-
ulations for Animal Welfare. The preclinical studies were ethically
approved by the Cantonal Committee of Animal Experimentation and
permitted by the responsible cantonal authorities (license 75668).

Blood Clearance
The blood clearance of [161Tb]Tb-SibuDAB (25 MBq, 1 nmol per

mouse) was determined as previously reported for [177Lu]Lu-Sibu-
DAB using an immunocompetent mouse strain (FVB, Friend leukemia
virus B) (27). The collected blood samples were measured to calculate
the percentage injected activity (%IA) retained in the blood over 24 h,
with the activity at t 5 0 set as 100%.

Biodistribution Studies and Dosimetry Estimation
PC-3 PIP/flu tumor–bearing nude mice (BALB/c nude, Bagg Albino)

were intravenously injected with the respective radioligand (5 MBq,
1 nmol per mouse). Tissues were collected, weighed, and counted
for activity using a g-counter. The decay-corrected results were
listed as %IA per gram of tissue mass (%IA/g).

Dosimetry estimations were performed for tumors (assuming a sphere
of 80 mm3) and kidneys on the basis of the time-integrated activity con-
centration using non–decay-corrected biodistribution data for the 177Lu-
labeled PSMA ligands. The Monte Carlo code PENELOPE (penetration
and energy loss of positrons and electrons) was used for determination
of the energy deposits in the tissues (29).

Dual-Isotope SPECT/CT Imaging
Dual-isotope SPECT/CT was performed according to a previously

established protocol using a small-animal SPECT/CT scanner (27).
PC-3 PIP/flu tumor–bearing BALB/c nude mice were injected with a
mixture of [161Tb]Tb-SibuDAB and [177Lu]Lu-SibuDAB or [161Tb]Tb-
PSMA-I&T and [177Lu]Lu-PSMA-I&T (20 MBq, 1 nmol per mouse in
total). The images were reconstructed on the basis of g-lines of 161Tb or
177Lu or the combined g-lines.

Therapy Study
PC-3 PIP tumor–bearing BALB/c nude mice were treated with

either [161Tb]Tb-SibuDAB or [177Lu]Lu-SibuDAB (2, 5, or 10 MBq,
1 nmol per mouse) or with [161Tb]Tb-PSMA-I&T or [177Lu]Lu-
PSMA-I&T (5 or 10 MBq, 1 nmol per mouse). Control mice received
only vehicle (saline with 0.05% bovine serum albumin) (Supplemental
Table 1). The body mass and tumor volume of the mice were moni-
tored (27). The area under the curve of the relative tumor volume
(AUCRTV) for each mouse in a group was calculated and expressed as
the average value per group. The median survival of mice was deter-
mined as a measure of the radioligands’ therapeutic efficacy. Potential
adverse events were determined on the basis of body mass, plasma
parameters, blood cell counts, and analysis of histologic changes using a
predefined scoring system (Supplemental Table 2).

Analysis and Statistical Methods
GraphPad Prism software (version 8) was used for data analysis,

including determination of statistical significance (P , 0.05) and prepa-
ration of graphs.

RESULTS

In Vitro Characterization of Radioligands
The radioligands (25 MBq/nmol) were stable over 4 h in saline

at room temperature (.95% of intact radioligand). The logD values
of [161Tb]Tb-SibuDAB (22.56 0.1) and [161Tb]Tb-PSMA-I&T
(,24) were similar to those of [177Lu]Lu-SibuDAB (22.36 0.1
(27)) and [177Lu]Lu-PSMA-I&T (,24), respectively.
PC-3 PIP tumor cell uptake and internalization of [161Tb]Tb-

SibuDAB (54%6 1% and 18% 6 2%, respectively) and [161Tb]Tb-
PSMA-I&T (42%6 6% and 11% 6 2%, respectively) were in
the same range as for their respective 177Lu-labeled counterparts
(Fig. 1A). Negligible uptake of the radioligands (,1%) was
observed in PC-3 flu cells.
The protein-bound fraction of [161Tb]Tb-SibuDAB and [177Lu]Lu-

SibuDAB (28) was approximately 90% in undiluted mouse and
human blood plasma (Figs. 1B and 1C) but much lower for
[161Tb]Tb-PSMA-I&T and [177Lu]Lu-PSMA-I&T (50%–60%)
(Figs. 1B and 1C). Affinity curves determined using variable serum
albumin-to-radioligand molar ratios confirmed the strong plasma
protein binding of SibuDAB as compared with only moderate bind-
ing of PSMA-I&T irrespective of the used radionuclide in both
mouse and human plasma (Figs. 1B and 1C).

Blood Clearance and Biodistribution Data
Equal blood clearance curves were obtained for [161Tb]Tb-Sibu-

DAB as previously determined for [177Lu]Lu-SibuDAB (27) in
immunocompetent mice without tumors (P . 0.05; Fig. 2A).
The blood retention of [161Tb]Tb-SibuDAB in tumor-bearing

BALB/c nude mice (6.56 3.7 %IA/g and 0.326 0.05 %IA/g at 4
and 24h after injection, respectively) was considerably enhanced as
compared with that of [161Tb]Tb-PSMA-I&T (,0.1%IA/g at 4h after
injection). As a result, the tumor uptake of [161Tb]Tb-SibuDAB was
almost twice as high (756 5 %IA/g) as for [161Tb]Tb-PSMA-I&T
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(426 14 %IA/g) at 4 h after injection (Fig. 2B; Supplemental
Tables 3 and 4). Kidney retention of [161Tb]Tb-SibuDAB (166 1
%IA/g) was in a similar range to that for [161Tb]Tb-PSMA-I&T
(186 3 %IA/g) at this same time point. At the 24-h time point,
less than 7 %IA/g was retained in the kidneys for both radioli-
gands. Uptake in the tumors and kidneys at 4 and 24 h after injec-
tion of the 161Tb-based PSMA ligands did not significantly differ
from that for the 177Lu-based counterparts (P . 0.05; Supplemen-
tal Tables 3 and 4). At 4 h after injection of any of the radioligands,
activity retention was already less than 2% in nontargeted tissues
such as the liver, spleen, and bone (Fig. 2B).

Dual-Isotope SPECT Imaging Studies
The SPECT images reconstructed on the basis of the g-lines of

161Tb or 177Lu showed equal distribution in the blood, tumor, and
kidneys of the same mouse, irrespective of the used radionuclide
(Fig. 3). At 1 h after injection of [161Tb]Tb-SibuDAB/[177Lu]Lu-
SibuDAB, blood retention was increased as compared with that of
[161Tb]Tb-PSMA-I&T/[177Lu]Lu-PSMA-I&T, whereas kidney reten-
tion appeared somewhat lower for the former. At the 4-h time point,
the differences between radiolabeled SibuDAB and PSMA-I&T were
less pronounced (Fig. 3).

Dosimetry Estimations
Dosimetry data were calculated using extended biodistribution

data acquired with the 177Lu-based radioligands (Supplemental
Tables 5 and 6), assuming equal distribution profiles for the 161Tb-
and 177Lu-labeled counterparts (Figs. 2A and 3; Supplemental
Tables 3 and 4). The mean absorbed PC-3 PIP tumor dose of
[161Tb]Tb-SibuDAB (10.86 1.6Gy/MBq) was about 40% higher
than for [177Lu]Lu-SibuDAB (7.76 1.1Gy/MBq), and the same
held true for [161Tb]Tb-PSMA-I&T (2.96 0.3Gy/MBq) as com-
pared with [177Lu]Lu-PSMA-I&T (2.16 0.2Gy/MBq). The mean
absorbed kidney dose was 0.446 0.04 Gy/MBq and 0.596
0.04Gy/MBq for the respective 161Tb-labeled ligands and 0.326
0.03Gy/MBq and 0.436 0.03Gy/MBq for the 177Lu-labeled coun-
terparts. [161Tb]Tb/[177Lu]Lu-SibuDAB demonstrated an approxi-
mately 5-fold higher tumor-to-kidney dose ratio ($24.5) than
[161Tb]Tb/[177Lu]Lu-PSMA-I&T ($4.8) (Supplemental Table 7).

Therapeutic Efficacy of Radioligands
In control mice, the tumors grew rapidly over time, with all mice

reaching a predefined endpoint between days 14 and 28 (median
survival, 18 d). 161Tb-labeled PSMA ligands were consistently more
effective at delaying tumor growth than the respective 177Lu-labeled
counterparts, irrespective of whether SibuDAB or PSMA-I&T was

used (Fig. 4; Table 1). The increased thera-
peutic efficacy of [161Tb]Tb-SibuDAB over
[177Lu]Lu-SibuDAB was most visible in
mice that received 2 MBq, as demonstrated
by a median survival of 32.5 versus 23 d,
respectively. All mice treated with 5 MBq
of [161Tb]Tb-SibuDAB survived until study
end, whereas 1 of 6 mice treated with 5 MBq
[177Lu]Lu-SibuDAB reached an endpoint
on day 49. Treatment of the mice with
10 MBq of [161Tb]Tb-SibuDAB resulted
in complete tumor regression over the 2-mo
observation period, whereas tumor regrowth
was observed in 1 case approximately 6 wk
after treatment with 10 MBq of [177Lu]Lu-
SibuDAB (Figs. 4A and 4C).
When the application was 5 MBq per

mouse, 3 of 6 mice treated with [161Tb]Tb-
PSMA-I&T were alive at study end (median

FIGURE 2. (A) Blood clearance of [161Tb]Tb-SibuDAB and [177Lu]Lu-SibuDAB over 24h after injec-
tion. (B) Decay-corrected biodistribution data 4 and 24h after injection of [161Tb]Tb-SibuDAB and
[161Tb]Tb-PSMA-I&T. PC-3 flu 5 PSMA-negative tumor xenografts; PC-3 PIP 5 PSMA-positive
tumor xenograft. *Data were previously published (27).

FIGURE 1. (A) Cell uptake and internalization of [161Tb]Tb/[177Lu]Lu-SibuDAB and [161Tb]Tb/[177Lu]Lu-PSMA-I&T in PC-3 PIP cells after 4 h of incu-
bation (average 6 SD). (B and C) In vitro albumin-binding curves of [161Tb]Tb/[177Lu]Lu-SibuDAB and [161Tb]Tb/[177Lu]Lu-PSMA-I&T in mouse (B)
and human (C) blood plasma. Dashed line indicates half-maximum (i.e., 50%) binding. HSA5 human serum albumin; Int.5 internalization; MSA5mouse
serum albumin; Up.5 uptake. *Data were previously published (27). †Data were previously published (28).
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survival, 43.5 d), whereas all mice treated
with [177Lu]Lu-PSMA-I&T reached an end-
point by day 41 (median survival, 28 d).
When the application was 10 MBq, 4 of
6 mice injected with [161Tb]Tb-PSMA-I&T
were alive at study end, whereas only 1
of 6 mice in the group that received
[177Lu]Lu-PSMA-I&T was alive at study
end (Figs. 4B and 4D).
The therapeutic efficacy was quantita-

tively expressed as the average of the
AUCRTV for mice in each group (Table 1).
These values were 1.3-fold and 1.7-fold
smaller for mice injected with 2 MBq or
5 MBq, respectively, of [161Tb]Tb-SibuDAB
than for mice treated ith equal activities of
[177Lu]Lu-SibuDAB. The AUCRTV was 2.4-
and 2.2-fold lower for mice that received
5 or 10 MBq of [161Tb]Tb-PSMA-I&T,
respectively, than for mice treated with
equal activities of [177Lu]Lu-PSMA-I&T.

Analysis of Potential Adverse Events
During Therapy
The body mass of mice with effective

tumor shrinkage increased over time, with
the average body mass of mice treated
with 10 MBq of radioligand being in the
same range on the day of euthanasia as for
untreated, non–tumor-bearing control mice
of the same age (P . 0.05; Supplemental
Fig. 3). In contrast, rapid tumor growth
was associated with body mass loss, which

was observed for PC-3 PIP tumor–bearing mice that received only
vehicle and for mice treated with the lowest activity.
Blood urea nitrogen, albumin, alkaline phosphatase, and total

bilirubin in blood plasma were in the same range for mice treated
with 10 MBq of radioligands and non–tumor-bearing control
mice. The same held true for blood cell counts (P . 0.05; Fig. 5;
Supplemental Tables 8 and 9). The leukocyte, erythrocyte, and
thrombocyte counts were in the reference range irrespective of the
applied treatment. Histopathologic analysis of the kidneys, liver,
salivary glands, spleen, and bone marrow did not indicate any
changes after RLT (Supplemental Table 10).

DISCUSSION

Several preclinical studies demonstrated the superiority of 161Tb
over 177Lu (17,18,30), which was supported by dose calculations
that consistently proposed the benefit of the coemitted conversion
and Auger electrons by 161Tb (15,16,31). The fact that 161Tb can
be produced in large quantities, in analogy to 177Lu (32), and the
commercial interest of companies to produce 161Tb make this
radionuclide particularly attractive for clinical translation.
In agreement with our previous study performed with [161Tb]Tb-

PSMA-617 and [177Lu]Lu-PSMA-617 (18), the in vitro properties
and tissue distribution profiles of [161Tb]Tb-SibuDAB and [161Tb]Tb-
PSMA-I&T were similar to their respective 177Lu-labeled counter-
parts. Dosimetry estimations were thus based on data obtained with
[177Lu]Lu-SibuDAB and [177Lu]Lu-PSMA-I&T. Estimation of the
radiation dose of [161Tb]Tb-SibuDAB and [161Tb]Tb-PSMA-I&T
would most likely be feasible also for clinical data currently being

FIGURE 4. (A and B) Relative tumor growth curves shown until first
mouse of respective group reached endpoint. (C and D) Kaplan–Meier
plot (vertical offset was applied to improve readability). Mice received vehi-
cle or were treated with [161Tb]Tb-SibuDAB or [177Lu]Lu-SibuDAB (A and
C) or with [161Tb]Tb-PSMA-I&T or [177Lu]Lu-PSMA-I&T (B and D). (Data
of control group and mice treated with 5 MBq and 10 MBq of [177Lu]Lu-
SibuDAB were previously published (27,28).)

FIGURE 3. Dual-isotope SPECT/CT images of mice bearing PC-3 PIP (right shoulder) and PC-3 flu
(left shoulder) tumor xenografts 1 and 4h after injection of 1:1 mixture (20 MBq per mouse) of
[161Tb]Tb-SibuDAB and [177Lu]Lu-SibuDAB (A) or [161Tb]Tb-PSMA-I&T and [177Lu]Lu-PSMA-I&T (B).
Image reconstruction was based on g-lines of 161Tb (red), 177Lu (green), or both (red/green overlay).
Bl5 bladder; Ki5 kidneys; PC-3 flu5 PSMA-negative tumor xenograft; PC-3 PIP5 PSMA-positive
tumor xenograft.
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acquired for [177Lu]Lu-SibuDAB and already published for
[177Lu]Lu-PSMA-I&T (33). 161Tb delivers a slightly higher dose
to the tissue than 177Lu because of the 15% increased b2-energy
(average b2 energy, 154 vs. 134 keV). More importantly, the coe-
mission of conversion and Auger electrons contributes substantially
to the enhanced dose of 161Tb depending on the sphere radius
assumed for the tumor size (15). In the current study, the absorbed
tumor dose estimated for the 161Tb-based PSMA ligands was 40%
higher than that of the 177Lu-based counterparts. As a result, and in
agreement with previous studies using other targeting agents (17,30),

our data showed consistently enhanced antitumor efficacy and pro-
longed survival in mice treated with the 161Tb-labeled versions of
SibuDAB and PSMA-I&T as compared with mice that received
their 177Lu-labeled counterparts.
Because the albumin-binding properties of SibuDAB enhanced

tumor uptake considerably, [161Tb]Tb-SibuDAB demonstrated an
approximately 4-fold higher absorbed tumor dose than [161Tb]Tb-
PSMA-I&T. [161Tb]Tb-SibuDAB, applied at the same activity as
[161Tb]Tb-PSMA-I&T, thus showed better therapeutic efficacy as
demonstrated by the 2.5- to 5-fold enhanced tumor growth inhibition

quantified on the basis of the AUCRTV.
According to dosimetry calculations, a com-
plete tumor response could most likely also
be achieved with approximately 20 MBq
of [161Tb]Tb-PSMA-I&T or approximately
25 MBq of [177Lu]Lu-PSMA-I&T applied
under the given experimental conditions.
Since the absorbed kidney dose was simi-

lar for both radioligands, [161Tb]Tb-SibuDAB
showed a more favorable tumor-to-kidney
dose ratio than [161Tb]Tb-PSMA-I&T.
Assuming 23Gy as the kidney dose limit
(34), 4–5 therapy cycles of 10 MBq of
[161Tb]Tb-SibuDAB or [161Tb]Tb-PSMA-
I&T could be safely applied; thus, no kidney
toxicity was observed in our study. In agree-
ment with other reported preclinical studies
(35), kidney uptake was considerably higher
for [161Tb]Tb/[177Lu]Lu-PSMA-I&T than
for [161Tb]Tb/[177Lu]Lu-PSMA-617 tested
in the same tumor mouse model (18). In
patients, renal retention of [177Lu]Lu-PSMA-
I&T and [177Lu]Lu-PSMA-617 was more
similar (36) and radionephrotoxicity was
only rarely reported in the literature (37,38).

TABLE 1
Parameters Indicative of Efficacy of Treatment

Treatment
Injected activity

(MBq)
First mouse

euthanized (d)*
Last mouse

euthanized (d)*
Median survival

(d)
Mice alive on

day 56 AUCRTV

Saline† — 14 28 18 0/12 4776148

[161Tb]Tb-SibuDAB 2 25 56 32.5 1/6 2336111

[177Lu]Lu-SibuDAB 2 22 56 23 1/6 3066172

[161Tb]Tb-SibuDAB 5 56 56 ..56‡ 6/6 29616

[177Lu]Lu-SibuDAB† 5 49 56 ..56‡ 5/6 50650

[161Tb]Tb-SibuDAB 10 56 56 ..56‡ 6/6 2065

[177Lu]Lu-SibuDAB§ 10 56 56 ..56‡ 6/6 1868

[161Tb]Tb-PSMA-I&T 5 24 56 43.5 3/6 1476134

[177Lu]Lu-PSMA-I&T 5 18 41 28 0/6 3566177

[161Tb]Tb-PSMA-I&T 10 48 56 ..56‡ 4/6 49642

[177Lu]Lu-PSMA-I&T 10 28 56 43 2/6 108681

*All mice that did not reach endpoint were euthanized on day 56.
†Data were previously published (27).
‡Exact median survival could not be defined, since more than half of mice survived until study end (day 56).
§Data were previously published (28).

FIGURE 5. (A) Blood plasma parameters: blood urea nitrogen, albumin, and alkaline phospha-
tase. (B) Blood cell counts of leukocytes, erythrocytes, and thrombocytes. *Data were previously
published (28).
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Regarding other organs and tissues, the applied RLT in our study
was well tolerated in mice, irrespective of the ligand and radionu-
clide applied. It is noteworthy, however, that salivary gland toxicity
cannot be investigated in mice and therefore has to be carefully
assessed in clinical studies conducted with 161Tb-based RLT.
Because mice seem to be less susceptible to undesired effects of

RLT than humans, much higher activities would probably be nec-
essary to observe hematotoxicity (39,40). Indeed, previous experi-
ments showed that [177Lu]Lu-(R/S)-Ibu-DAB-PSMA (30 MBq per
mouse) was well tolerated in immunocompetent mice over the first
month after treatment (26).
Potential limitations of our study relate to the fact that an extrapo-

lation from mice to men may not be easily feasible and that bone
marrow dose calculations can hardly be performed for mice. It is
likely, however, that bone marrow represents the dose-limiting organ
for application of albumin-binding PSMA radioligands. Investigations
of the tissue distribution profile of [161Tb]Tb/[177Lu]Lu-SibuDAB
thus remain to be assessed in patients, and the favorable preclin-
ical findings of using 161Tb remain to be confirmed clinically. As
the proposed benefit of using 161Tb over 177Lu refers mainly to the
elimination of single cancer cells and micrometastases, 161Tb-based
radioligands should be tested in a follow-up study using mouse
models of metastasized disease.

CONCLUSION

The superior therapeutic efficacy of 161Tb over 177Lu in combi-
nation with PSMA ligands agreed with the increased estimated
absorbed tumor dose. The data of this study indicate particularly
promising potential for [161Tb]Tb-SibuDAB in the RLT of pros-
tate cancer patients. Generally, the clinical translation of 161Tb-
based RLT appears promising, yet the therapeutic window for
each of these radioligands must be carefully assessed.
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KEY POINTS

QUESTIONS: How effective is the therapeutic application of
161Tb in combination with albumin-binding and conventional
PSMA ligands in comparison to their respective 177Lu-labeled
analogs?

PERTINENT FINDINGS: These preclinical therapy studies
confirmed the benefit of 161Tb-based RLT over 177Lu-based RLT
in PSMA-positive tumor-bearing mice. It was also shown that
[161Tb]Tb-SibuDAB was more powerful than [161Tb]Tb-PSMA-I&T
because of its increased tumor uptake and, hence, absorbed
tumor dose.

IMPLICATIONS FOR PATIENT CARE: These preclinical data set
the basis for future clinical translation of 161Tb-based RLT using
albumin-binding and conventional PSMA radioligands.
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Dosimetry: Effects of Heterogenous Intratumoral Activity
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In radiopharmaceutical therapy, intratumoral uptake of radioactivity
usually leads to heterogeneous absorbed dose distribution. The likeli-
hood of treatment success can be estimated with the tumor control
probability (TCP), which requires accurate dosimetry, estimating
the absorbed dose rate per unit activity to individual tumor cells.
Methods: Xenograft cryosections of the prostate cancer cell line
LNCaP treated with [177Lu]Lu-PSMA-617 were evaluated with digital
autoradiography and stained with hematoxylin and eosin. The digital
autoradiography images were used to define the source in a Monte
Carlo simulation of the absorbed dose, and the stained sections were
used to detect the position of cell nuclei to relate the intratumoral
absorbed dose heterogeneity to the cell density. Simulations were
performed for 225Ac, 177Lu, and 90Y. TCP was calculated to estimate
the mean necessary injected activity for a high TCP. A hypothetical
case of activity mainly taken up on the tumor borders was generated
and used to simulate the absorbed dose. Results: The absorbed
dose per decay to tumor cells was calculated from the staining and
simulation results to avoid underestimating the tumor response from
low absorbed doses in tumor regions with low cell density. The mean
of necessary injected activity to reach a 90% TCP for 225Ac, 177Lu,
and 90Y was found to be 18.3 kBq (range, 18–22 kBq), 24.3 MBq
(range, 20–29 MBq), and 5.6 MBq (range, 5–6 MBq), respectively.
Conclusion: To account for the heterogeneous absorbed dose gener-
ated from nonuniform intratumoral activity uptake, dosimetry models
can estimate the mean necessary activity to reach a sufficient TCP for
treatment response. This approach is necessary to accurately evalu-
ate the efficacy of suggested radiopharmaceuticals for therapy.

Key Words: Monte Carlo dosimetry simulation; radiopharmaceutical
therapy; digital autoradiography; tumor control probability;
heterogeneity
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Radiopharmaceutical therapy has become a promising
approach to treating metastatic cancers, such as metastatic
castrate-resistant prostate cancer (1,2). Radiopharmaceuticals that
target cell-specific epitopes emitting short-range radiation with
high linear energy transfer can deliver high absorbed doses to
tumors while sparing healthy tissues. Nonuniform uptake of radio-
pharmaceuticals in a targeted volume can cause heterogeneous
energy depositions, leading to large variations in the absorbed
dose experienced by the cells.
The MIRD formalism assumes uniform activity in the source

and calculates an average absorbed dose to the target volumes
(3,4). Although the formalism can be applied on any scale, macro-
scopic or microscopic, it is commonly used with data from
g-cameras or SPECT imaging, where spatial resolution and sensi-
tivity are limited and mainly organs can be delineated. Instead,
digital autoradiography (DAR) can detect the intratumoral distri-
bution of radioactivity (5–8). Chouin et al. used an a-camera to
estimate the absorbed dose to cells in micrometastases after treat-
ment with a radioimmunoconjugate labeled with 211At (9). Similar
to the study presented here, they correlated the detected activity in
cryosections to cells detected in adjacent sections stained with
hematoxylin and eosin (HE).
Detailed dosimetry models in preclinical trials can help iden-

tify the most promising tracers for radiopharmaceutical therapy.
Unexplained failure of tracers could be resolved by improving
the tumor penetration of the tracer, optimizing for more homoge-
neous intratumoral distribution of the tracer, or changing the
labeled radionuclide to one with longer-range emission. Our
group previously improved the tumor uptake uniformity of 111In-
DOTA-hu5A10 by increasing the chelate-to-antibody molar ratio
in the labeling process, thereby improving the therapeutic effect
in treated xenografted mice (10). Similarly, Howe et al. showed
that a combination of carriers labeled with 225Ac with comple-
mentary intratumoral distributions generated improved radioac-
tivity distribution and significantly reduced tumor growth
compared with the same activity delivered by either of the 2 car-
riers alone (11).
The tumor control probability (TCP) estimates the probability

of killing all cells in a lesion from absorbed dose and cell radio-
sensitivity data (12–14). The intratumoral radioactivity distribution
affects TCP for short-range radiation (15). This paper aims to cal-
culate TCP from dosimetry simulations of heterogeneous activity
distributions measured with DAR.
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MATERIALS AND METHODS

Sections from xenografts treated with [177Lu]Lu-PSMA-617 from
BALB/cAnNRj mice were used to build a dosimetry model. The activ-
ity detected in the DAR image pixels was used to define voxels in the
source volume in a Monte Carlo simulation of the absorbed dose. By
matching DAR and HE images, the cells segmented from the HE stain
within an aligned DAR image pixel were assumed to receive the
absorbed dose simulated to the corresponding target voxel. TCP, as a
function of injected activity, was calculated considering the cell’s sim-
ulated absorbed dose per decay (from now on called dose values or
dose image). Detailed descriptions of radiolabeling, cell culturing, ani-
mal work, and autoradiography can be found in supplemental materi-
als (supplemental materials are available at http://jnm.snmjournals.
org).

Monte Carlo dose simulations of 177Lu, 90Y, and 225Ac were per-
formed in GATE version 8.1 (OpenGATE), which in turn uses Geant4
version 10.3.3 (European Organization for Nuclear Research) (16). All
image and data processing were performed in MATLAB R2020b
(MathWorks). Each tumor’s 8 DAR images were decay-corrected to
the same time point and aligned (coregistered), an average of the
images was calculated, and grayscale values were normalized. The
tumor borders were detected by thresholding the grayscale values. The
resulting mask was used to coregister the DAR and HE images. Cell
nuclei were segmented from the HE images (details in supplemental
materials), and a cell density map was generated in which the number
of cells within the corresponding pixel in the coregistered DAR image
was calculated. A hypothetical case in which the activity is primarily
taken up at the edge of the xenograft because of low tumor penetration
was generated by filtering the mean DAR images (description and fil-
ter in Supplemental Fig. 1).

GATE Monte Carlo Simulations
The b-decay of both 177Lu and 90Y has a yield of 100%, and the

primary b-emissions were included in the simulations. 177Lu emits
b-particles with maximum (endpoint) b energy (Eb(max)) of 497 keV
(79.4%), 384 keV (8.9%), 247 keV (0.016%), and 176 keV (11.7%)
(17). 90Y emits b-particles with Eb(max) of 2,279 keV (99.9%),
518 keV (0.01%), and 92 keV (0.0000014%) (17). The mean b-energy
spectrums of these emissions considered for 177Lu and 90Y, shown in
Supplemental Figure 2A, were collected from the International Atomic
Energy Agency’s Livechart of Nuclides (17)—originally computed by
Betashape (18,19)—and defined in GATE as histogram sources. The
histogram had a step width of 0.5 keV for 177Lu and 0.3 keV for 90Y.
No other electron or g-emissions were considered because it was
assumed their contribution to the final absorbed dose was negligible.

For 225Ac simulations, the highest-energy a-emission of 5.8MeV
was considered, together with the highest-energy a-emissions from
the daughters 221Fr (6.4MeV), 217At (7.1MeV), and 213Po (8.4MeV),
thereby simplifying and speeding up the simulation. The decay chain
of 225Ac is shown in Supplemental Figure 2B. The daughters were
assumed to remain immobile relative to the mother nuclide. To gener-
ate a realistic distribution of these emissions, a discrete spectrum was
defined in the GATE simulation, where the 4 a-energies all have the
same probability of being emitted as primary particles. Again, no
g-particles or electrons were included in this simulation because they
were assumed to be negligible.

In the simulation, the world was defined as a water cube. To build a
source volume, each pixel of the mean DAR image was defined as
a box-shaped, general-purpose source placed in the water volume as a
grid of voxels. The energy spectrum of the simulated radionuclide was
ascribed to the general-purpose sources. The intensity of each source
voxel was set to the normalized grayscale pixel values of the mean
DAR image, thereby giving the relative probability for the emission of

a simulated particle. Their x- and y-dimensions remained 503 50mm,
like the DAR image pixel size. The z-dimension was set to twice the
continuous slowing-down approximation range in liquid water of the
maximum energy of the emission of the radionuclide, except for 90Y.
Instead, the range was limited to 10mm, because no axis length of the
included tumors was longer. For 225Ac, the daughter 213Po had the
highest a-energy considered in the simulation, with an estimated con-
tinuous slowing-down approximation range of 0.085mm (20). For
177Lu, the Eb(max) 496.8MeV equated to a continuous slowing-down
approximation range of 1.8mm (20). The electromagnetic interactions
of the primary and secondary emissions were simulated by the Geant4
physics list emstandard_opt3 (16).

The energy of simulated primary particles was sampled from the
energy spectrum, and its origin was sampled from the voxel intensi-
ties. Simulations were run for 109 primary particle emissions. A
GATE dose actor was defined that overlapped the source voxel vol-
ume with the same resolution as the source in the x- and y-direction
(503 50 mm2) and 10mm in the z-direction, mimicking the tumor
cryosection thickness. To convert the absorbed dose recorded in the
target volume to the absorbed dose per decay (Gy Bq21 s21), Si in the
ith voxel was calculated as the total number of nuclear transformations
(decays), and the simulated absorbed dose was multiplied with the
yield Y of the emissions and the number of primary particle emissions
P in the simulation (Equation 1):

Si5Dsim, i " YP : Eq. 1

For 177Lu and 90Y, the yield Y equals 100%. For 225Ac, the a-decay has
a 100% yield. However, because of the included daughter a-emissions,
1 in 4 of the simulated primary particles originate from 225Ac; therefore,
the 225Ac yield in the simulation can be described as 400%.

The cell density map was used to overlap the resulting simulated
dose image. Cells detected in the corresponding target voxel were
assumed to receive its absorbed dose per decay. Histograms of equal
binning of target voxels and cell dose values were used to calculate
the cumulated dose–volume histograms.

TCP, as a function of injected activity, was calculated from the cell
dose values. For each dose value interval j, the absorbed dose Dj was
calculated. It is defined by the MIRD formalism (3) as the product of
the cumulated activity ~A and the dose value:

Dj5 ~A " Sj5
T1=2
lnð2Þ "A0 " Sj: Eq. 2

where T1/2 is the physical half-life.
The initial activity A0 in the source volume was calculated as the

product of the uptake U (percentage injected activity per gram),
assuming instantaneous uptake; the injected activity Ainj (Bq); and the
tumor source volume considered in the simulation Vsource (g):

A05U "Vsource "Ainj: Eq. 3

To exemplify a realistic case, average activity uptake was assumed
to be 3.6% per injected activity per gram of xenograft tissue, as previ-
ously measured by our group (22), with a tissue density of 1.0 g/cm3.

The cumulated activity is the total number of decays from the frac-
tion of the injected activity taken up by the tumor. To exemplify the
use of DAR images for TCP calculations, we simplified the model.
We assumed no biologic clearance and no redistribution within the
tumor. All activity measured 3 d after injection was therefore assumed
to have been taken up instantaneously without redistribution during
the dose integration period. For a more realistic model, uptake should
be measured at several time points to estimate the cumulated activity
better. For each radionuclide, a range of injected activities was evalu-
ated within relevant intervals; 0–100 MBq for 177Lu, 0–30 MBq for
90Y, and 0–100 kBq for 225Ac.
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The survival probability and TCP were calculated as previously
described by Nahum (13) and Bernhardt et al. (12) and later summa-
rized by Uusij€arvi et al. (14). For each dose value interval j, the sur-
vival probability SPj for the cells in that interval that were assumed to
be identical was calculated as in Equation 1. A range of values for the
radiosensitivity a in a relevant interval based on radiosensitivity mea-
surements performed by Elgqvist et al. (21) was applied in the calcula-
tions to evaluate its effect on the resulting TCP:

SPj5 e2ða3DjÞ: Eq. 4

Equation 4 is a simplification of the linear-quadratic model (13) and
is applicable for radiation with high linear energy transfer, such as
a-particles or b-particles delivering an absorbed dose of more than
approximately 2Gy.

TCP, defined as the probability to kill all cells, for all intervals
j—normalized for the number of cells Nc in each interval receiving the
absorbed dose Dj—is then given by the following equation:

TCP 5
YNc

j51

ð12SPjÞ: Eq. 5

RESULTS

The results for tumor 3 are presented here. Results for tumors 1
and 2 are found in Supplemental Figures 3–25.
The mean of 8 aligned DAR images from tumor 3 is shown in

Figure 1A. The modified DAR image, shown in Figure 1B, repre-
sents a case of reduced tumor penetration. Activity has been
moved from the central parts of the tumor and concentrated on the
edges. The cell density map of tumor 3 in Figure 1C found
between 0 and 30 cells per pixel. Segmentation results are pre-
sented in Supplemental Table 1.
The resulting dose values in the dose actor voxels in tumor 3 are

presented in Figure 2. The differing particle range of the 3 radionu-
clide emissions can be seen in the gradually smoother distribution
as the range increases. The long range of the 90Y b-particles gener-
ated a smooth dose image in which local variations in activity
uptake were indistinguishable. In contrast, the a-particle emissions
of 225Ac and its daughters caused a more heterogeneous distribution
with hot spots induced by local activity clusters. Effectively, cells
residing in a voxel with low activity uptake could still receive a rela-
tively high dose value when simulations were run for 90Y but
depended more on local uptake when 225Ac was simulated. Similar
results were seen for tumors 1 and 2 (Supplemental Fig. 4).
For simulations performed with the modified activity distribu-

tions, the maximum dose values for all radionuclides increased, as
did the focus of higher dose values to voxels with higher source

intensity. Although 90Y generated the most homogeneous dose
value distribution, differences between edges and central parts
increased (Supplemental Fig. 5).
The cell dose value distribution, calculated by matching the

dose value image to the cell density map, for 177Lu in tumor 3 is
presented in the histogram in Figure 3A. Although the mean
absorbed dose rate per unit activity in cells was 2.23 10210 Gy
Bq21 s21, it ranged from close to 0 to more than 43 10210 Gy
Bq21 s21. This can be compared with the target voxel dose value
distribution shown in Figure 3B, where the mean was 1.23 10210

Gy Bq21 s21. The shape of the histograms differs greatly, because
the cell density varies over the tumor section. Many voxels experi-
enced a low dose value, but these contained few cells, whereas the
cell dose value distribution was approximately centered on its
mean. The cumulated absorbed dose rate histograms for cells and
voxels are plotted in Figure 3C.
The resulting cell dose value histograms of all tumors and radio-

nuclides are shown in Supplemental Figure 15, and the modified
activity distributions appear in Supplemental Figure 16. Compar-
ing 90Y and 177Lu, the mean absorbed dose rate per unit activity
was higher for 90Y. However, between the two, the highest dose
value was received by 177Lu in tumor 2.
From the cell dose value histograms, TCP was calculated for all 3

tumors as a function of injected activity for ranges of activity realistic
to inject in a mouse model. Elgqvist et al. investigated the radiosensi-
tivity of several prostate cancer cell lines, including LNCaP (21). By
fitting their data to Equation 4, LNCaP should have a radiosensitivity
of 1.33Gy21 (95% CI, 0.96–1.70Gy21) for a-particles and
0.21Gy21 (95% CI, 0.16–0.25Gy21) for b-particles. Based on this,
TCP was calculated as in Equation 5 for intervals of radiosensitivity
of 0.5, 1.0, 1.3, and 2.0Gy21 for 225Ac and 0.1, 0.2, 0.3, and
0.4Gy21 for 177Lu and 90Y. The resulting TCPs for tumor 3 are
shown in Figure 4. Corresponding figures for tumors 1 and 2 can be
found in Supplemental Figures 17–25. The necessary activities to be
injected to reach a 90% TCP are summarized in Table 1, and the
modified activity distributions are summarized in Table 2.
When treating tumor 3 with 225Ac, as shown in Figure 4A, an

injection of about 20–30 kBq should be expected to give a good
tumor response. However, when the activity remained at the bor-
der of the tumor, as shown in Figure 1B, the injected activity
needed to reach a 90% TCP greatly increased, as seen in Table 2.
This TCP level was never reached for a radiosensitivity of
0.5Gy21; however, this was a low estimate for radiosensitivity.
The necessary activities to be injected might be so high that they
cause damage to healthy tissues.
For treatment of tumor 3 with 177Lu, as shown in Figure 4B, an

injection of less than 30 MBq would
unlikely be curative. The necessary activity
for a high TCP increased when the activity
distribution in the tumor was modified, as
summarized in Table 2. For a radiosensitivity
of 0.1Gy21, no activity below 100 MBq was
sufficient to reach a 90% TCP.
Finally, TCP for tumor 3 treated with

90Y is shown in Figure 4C. The relative
difference in activity needed for a 90%
TCP when comparing the original and the
modified activity distribution is smaller for
90Y than for 177Lu and 225Ac because of its
longer b-particle range.

FIGURE 1. Mean DAR image (A), modified DAR image after filtering (B), and cell density map (C) for
tumor 3. (A) Mean DAR image results from averaging 8 DAR sections after coregistration. (B) Hypotheti-
cal case of reduced tumor penetration. (C) Number of cells in corresponding target voxels in simulation.
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For comparison, if TCP was instead calculated from the voxel
dose values, none of the investigated injected activities or radio-
sensitivities reached a TCP of at least 90% for 225Ac or 177Lu in
tumor 3 (results in Supplemental Figs. 17, 20, and 23).

DISCUSSION

A common approach for tumor dosime-
try in radiopharmaceutical therapy is to
assume a sphere or ellipsoid of evenly dis-
tributed tumor cells with homogeneous
radioactivity uptake. For short-range radia-
tion, this oversimplification is inappropri-
ate (23), because it risks miscalculating
the absorbed dose to cells if activity
uptake is heterogeneous. This is accounted
for by performing voxel dosimetry, which
still ignores the cellular distribution.
In preclinical trials, dosimetry models

are necessary to evaluate which radiotra-
cers have the potential to generate good
treatment responses. However, overly sim-
plified dosimetry models might mislead
researchers instead of guiding their
decision-making. An improvement consid-
ers intratumoral activity uptake and its
relation to tumor cell distribution. Then,
based on TCP calculations, realistic activi-
ties to be injected for optimal treatment
effect can be estimated.
This study simulates heterogeneous

absorbed dose distributions within xeno-
grafts treated with PSMA-617–ligated
radioactivity. To improve calculations of
TCP, we connect dose values to the num-
ber of cells experiencing them. This gener-
ates a dose value distribution that is
different from the distribution generated
when only voxels are considered, as seen
in Figures 3A and 3B. This way, the treat-
ment response to a wasted dose—that is,
energy deposited in volumes where few
cells reside—and the response of cells in
volumes receiving less than necessary for
tumor control will not be overestimated.
We estimate the minimum injected

activities necessary to reach a 90% TCP
for varying radiosensitivities. For 225Ac,

assuming a radiosensitivity of 1.3Gy21, the mean injected activity
would be 18.3 kBq (range, 18–22 kBq). For 177Lu and 90Y, assum-
ing a radiosensitivity of 0.2Gy21, a mean of 24.3 MBq (range,
20–29 MBq) and 5.6 MBq (range, 5–6 MBq), respectively, would

FIGURE 2. Simulated absorbed dose per unit activity in LNCaP tumor cryosections from tumor 3
for a- or b-emissions of 225Ac, 177Lu, and 90Y. Abs.5 absorbed.

FIGURE 3. Cell dose value distribution for tumor 3 when treated with 177Lu (A), compared with
voxel dose value distribution (B), and cumulated dose–volume histograms of dose values for either
cells or voxels (C). Abs.5 absorbed; Nr5 number.

FIGURE 4. TCP vs. injected activity in tumor 3 investigated for radiosensitivities of 0.5–2.0Gy21 for
225Ac (A) and 0.1–04Gy21 for 177Lu (B) and 90Y (C). Dashed line indicates 90% TCP level.

TABLE 1
Injected Activity of 225Ac, 177Lu, or 90Y Necessary to Reach TCP of 90%

Radioactivity 225Ac (kBq) 177Lu (MBq) 90Y (MBq)

Radiosensitivity (Gy21) 0.5 1.0 1.3 2.0 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

Tumor 1 39 20 15 10 40 20 13 10 9.5 5 3.5 2.5

Tumor 2 47 24 18 12 47 24 16 12 12 6 4 3

Tumor 3 55 28 22 14 56 29 19 14 12 6 4.5 3

Calculations were made for ranges of radiosensitivity of 0.5, 1.0, 1.3, and 2.0Gy21 for 225Ac and 0.1, 0.2, 0.3, and 0.4Gy21 for 177Lu
and 90Y.
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be necessary. In the case of 177Lu, these numbers agree with the
injected activities that resulted in good tumor response when pre-
viously investigated by our group (22). The sample consists of
only 3 tumors, so the resulting numbers are uncertain.
Along the slicing axis of the sectioned xenograft, the activity

distribution and cell density change only slightly. This is an argu-
ment for the validity of our approach to evaluating the TCP of the
tumor, because we assume the TCP of a section of the tumor is
representative of the whole tumor.
We present here a general model; more parameters should be

included to increase the accuracy. In our model, uptake is based
on a single time point, and there is a lack of pharmacokinetics
because we have included only the physical clearance of the radio-
nuclides. Some biologic clearance is expected, so the results likely
overestimate TCP. By measuring at several time points, one might
improve the estimate of cumulated activity. In addition, no consid-
eration of DNA damage repair, tumor repopulation, or differences
in dose rate, which are relevant (24), is made.
Regions of varying cell density and cell type, necrotic areas,

vascular structures, etc., are seen throughout the tumor volumes.
In addition, the targeted epitopes of the tumor cells might not be
equally available because of restricted tumor penetration or vary-
ing expression. Bordes et al. (25) used the measured uptake of
rituximab by fluorescence microscopy in a multicellular aggregate
of lymphoma cells, distinctly limited to the edges, to represent
activity uptake in Monte Carlo simulations of the absorbed dose
rate per activity unit in multicellular volumes (25). This method is
favored by the greater resolution of fluorescence microscopy.
However, it is not a direct measurement of actual activity uptake,
because uptake might differ when labeling a tracer molecule to a
radionuclide rather than a fluorophore.
For short-range radiation with high linear energy transfer, the

microscopic energy deposition distribution can affect the absorbed
dose to the cell nucleus. Cellular internalization can shorten the
distance between decay and nucleus, thereby increasing energy
deposited where it is most effective. The DAR images’ pixel size
limits the spatial resolution. Similar to the range of a-particles
emitted in the 225Ac decay chain, no microscale heterogeneity will
be considered. However, M!ınguez Gabi~na et al. simulated TCP in
a cluster of cells with varying 225Ac-PSMA internal uptake and
only found a small difference between activity on the cell surface
and activity inside the cytoplasm (26).

CONCLUSION

We have shown how to improve preclinical dosimetry in radio-
pharmaceutical therapy by considering intratumoral activity uptake

and its relation to tumor cell distributions. Realistic activities to be
injected for optimal treatment effect can be determined with
Monte Carlo simulations and TCP calculations. Examples are
given for LNCaP xenografts treated with radiolabeled PSMA-617.
Our approach, which considers the intratumoral distribution of
cells rather than only the voxel volume, avoids underestimating
the mean experienced absorbed dose rate per unit activity, because
the influence of the wasted dose on the dose value calculations is
reduced.
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KEY POINTS

QUESTION: Can combining DAR images with HE-stained
xenograft sections in a Monte Carlo dosimetry model improve
calculations of TCP?

PERTINENT FINDINGS: The model finds dose values experienced
by cells in the tumor. We calculated TCP and estimated the
necessary injected activity for LNCaP xenografts treated with
PSMA-617 radiolabeled to 225Ac, 177Lu, and 90Y.

IMPLICATIONS FOR PATIENT CARE: Improved dosimetry
models are vital to evaluate radiotracers’ potential in a preclinical
phase.
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Immuno-PET Detects Antibody–Drug Potency on
Coadministration with Statins
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The human epidermal growth factor receptor 2 (HER2)–targeting trastu-
zumab emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd) are
antibody–drug conjugates (ADC) clinically used to treat HER2-positive
breast cancer, with the latter receiving clinical approval in 2021 for
HER2-positive gastric cancer. Lovastatin, a cholesterol-lowering drug,
temporally elevates cell-surface HER2 in ways that enhance HER2-ADC
binding and internalization. Methods: In an NCIN87 gastric xenograft
model and a gastric patient–derived xenograft model, we used the 89Zr-
labeled or 64Cu-labeled anti-HER2 antibody trastuzumab to investigate
the dosing regimen of ADC therapy with and without coadministration of
lovastatin. We compared the ADC efficacy of a multiple-dose ADC
regime, which replicates the clinical dose regimen standard, with a
single-dose regime. Results: T-DM1/lovastatin treatment inhibited
tumor growth, regardless of multiple- or single-dose T-DM1 administra-
tion. Coadministration of lovastatin with T-DM1 or T-DXd as a single
dose enhanced tumor growth inhibition, which was accompanied by a
decrease in signal on HER2-targeted immuno-PET and a decrease in
HER2-mediated signaling at the cellular level. DNA damage signaling
was increased on ADC treatment in vitro. Conclusion: Our data from a
gastric cancer xenograft show the utility of HER2-targeted immuno-PET
to inform the tumor response to ADC therapies in combination with
modulators of cell-surface target availability. Our studies also dem-
onstrate that statins enhance ADC efficacy in both a cell-line and a
patient-derived xenograft model in ways that enable a single-dose
administration of the ADC.
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Treatment of human epidermal growth factor receptor 2
(HER2)–expressing metastatic breast cancer has been greatly
improved using trastuzumab (1), an antibody targeting membrane
HER2. In addition to trastuzumab, antibody–drug conjugates (2,3)
(ADCs) enable a potent chemotherapeutic payload to be delivered
directly to the tumor tissue (4–6). Examples of ADCs targeted

toward HER2 include trastuzumab emtansine (T-DM1) and trastu-
zumab deruxtecan (T-DXd) (6–8).
HER2 is a potential therapeutic target not only in breast cancer but

also in other HER2-expressing solid tumors, including those of the
lung, bladder, and stomach (3,5,7,9–12). HER2 is overexpressed in
approximately 20% of metastatic gastric cancers (13), and similar to
HER2-positive breast cancer, adding chemotherapy to trastuzumab
improved survival in the first-line metastatic setting in patients with
gastric cancer (14). However, contrary to breast cancer, no improve-
ment in overall survival was observed in patients with gastric cancer
treated with T-DM1 (7.9 mo) versus taxane (8.6 mo) (15). Until
recently, there was a lack of meaningful clinical response of HER2-
targeted agents in treating gastric cancer. However, the latest results
with T-DXd in HER2-low and HER2-high tumors brought a para-
digm shift (6). T-DXd became Food and Drug Administration–
approved in 2021 for treating patients with HER2-positive gastric
cancer. T-DXd has also shown efficacy in HER2-low gastric tumors
(ClinicalTrials.gov identifier NCT04379596) (16), with an objective
response rate of up to 26.3% (17).
For T-DM1 and T-DXd to bind to tumors, the HER2 receptor

must be available at the cancer cell membrane (4). However, gas-
tric tumors are characterized by a heterogeneous expression of
HER2 and nonpredominant staining of HER2 at the cell membrane
that impairs antibody binding to tumors (11,13,18). Importantly,
HER2 heterogeneity is associated with resistance to HER2-targeted
therapies (19). HER2 membrane availability is in part regulated by
caveolae-mediated endocytosis, which is often dysregulated in can-
cer cells, resulting in heterogeneous HER2 membrane expression,
particularly in gastric cancer (18,20).
Statins are pharmacologic inhibitors of endocytosis, likely via

temporal depletion of cholesterol (21,22). Lovastatin is a statin
prodrug that is enzymatically hydrolyzed in the liver to its active
form, which inhibits 3-hydroxy-3-methylglutaryl coenzyme A, a
key enzyme in the mevalonate pathway that produces isoprene
moieties needed for cholesterol biosynthesis (23,24). Lovastatin
modulates endocytosis to increase cell-surface HER2 availability,
resulting in increased antibody–tumor binding (18). Lovastatin
increased T-DM1 efficacy in gastric tumor xenografts and a
patient-derived xenograft (PDX) model from a gastric tumor resis-
tant to anti-HER2 therapy in the clinic (21). In this previous study,
mice were administered weekly doses of T-DM1, mimicking
existing clinical dose regimes.
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Although using T-DM1 and T-DXd significantly increases the
overall survival of some patients, clinical trials using multiple
doses of T-DM1 and T-DXd have noted some significant side
effects. T-DM1 causes cardiotoxicity in approximately 3.37% of
breast cancer patients (25), whereas early clinical data on gastric
cancer suggest that 10% of T-DXd–treated patients develop inter-
stitial lung disease (17). These toxicities limit the number of dos-
ing cycles that patients can tolerate and can result in dose
reductions or termination of the treatment (17,26). Strategies that
reduce toxic side effects caused by ADCs and predictive biomark-
ers of ADC toxicity are a currently unmet clinical need.
Therefore, this study had 2 objectives. The first was to determine

whether a single dose of ADCs could be administered in combina-
tion with lovastatin to achieve therapeutic efficacy similar to that of
a multiple-dose ADC regime in both a HER2-positive xenograft
and PDX gastric cancer models of known resistance to anti-HER2
therapy. The second was to use HER2-targeted immuno-PET to
monitor changes in HER2 expression after ADC therapy.

MATERIALS AND METHODS

Cell Culture and Treatments
The human gastric cancer cell line NCIN87 was purchased from the

American Type Culture Collection. NCIN87 were cultured in RPMI
1640 growth medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 10 mM hydroxyethyl piperazineethanesulfonic acid, 1 mM
sodium pyruvate, 4,500 mg L21 glucose, 1,500 mg L21 sodium bicar-
bonate, and 100 units mL21 penicillin and streptomycin.

NCIN87 cells were treated with vehicle, T-DM1, or T-DXd for
48 h before lysates were extracted. Cells additionally given lovastatin
were incubated with 25mM of the active form of lovastatin (Millipore)
for 4 h before addition of T-DM1 or T-DXd.

Western Blot Analysis
Total protein extracts from NCIN87 cells and tumors were prepared

after tissue homogenization in radioimmunoprecipitation assay buffer
(150 mM sodium chloride, 50 mM Tris hydrochloride, pH 7.5, 5 mM
ethylene glycol tetraacetic acid, 1% Triton X-100 [Dow], 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 2 mM phenylmethanesulfo-
nyl, 2 mM iodoacetamide, and 31 protease inhibitor cocktail [Roche]).
After centrifugation at 18,000g for 16 min at 4!C, supernatants contain-
ing total protein extracts were collected and stored at 280!C. The
amount of total protein in tumor extracts was quantified using the Pierce
bicinchoninic acid protein assay kit (Thermo Fisher Scientific), followed
by denaturation of the sample with NuPAGE lithium dodecyl sulfate
sample buffer and NuPAGE sample reducing agent (Thermo Fisher Sci-
entific). The denatured samples underwent gel electrophoresis and trans-
fer to polyvinylidene difluoride membranes (Bio-Rad). The membranes
were incubated in 5% (m/v) milk (Bio-Rad) or bovine serum albumin
(Sigma) in tris-buffered saline buffer-polysorbate (EZ BioResearch). The
membranes were then incubated with the primary antibodies: mouse anti-
b-actin, 1:10,000 (A1978; Sigma); rabbit anti-HER2, 1:800 (ab131490;
Abcam); rabbit anti-HER2 phospho Y1139, 1:500 (ab53290; Abcam);
rabbit anti–epidermal growth factor receptor (EGFR), 1:1,000 (ab52894;
Abcam); rabbit anti-EGFR phospho Y1068, 1:500 (ab40815; Abcam);
rabbit anti-HER3, 1:500 (ab32121; Abcam); rabbit anti-HER3 phospho
Y1289, 1:2,500 (ab76469; Abcam); mouse antiphosphotyrosine, 1:2,000
(05-321; Sigma); rabbit anti–poly(adenosine diphosphate ribose) poly-
merase (PARP), 1:1,000 (9542; Cell Signaling Technology); rabbit anti–
histone H2A.X, 1:1,000 (2595; Cell Signaling Technology); or rabbit
anti–phosphohistone H2A.X (Ser139), 1:1,000 (9718; Cell Signaling
Technology). After washing of the membranes with tris-buffered saline
buffer-polysorbate, the membranes were incubated with the secondary

antibody goat anti-rabbit IgG (heavy- and light-chain) conjugated with
AlexaFluor Plus 680 (Invitrogen) or goat anti-mouse IgG (heavy- and
light-chain) conjugated with AlexaFluor Plus 800 (Invitrogen). Mem-
branes were imaged on an Odyssey infrared imaging system (LI-COR
Biosciences), and densiometric analysis of the respective bands was per-
formed using ImageJ/FIJI. The supplemental materials (available at
http://jnm.snmjournals.org) contain uncropped scans of the blots shown
in the figures.

Conjugation and Radiolabeling of Trastuzumab
Trastuzumab (Herceptin; Roche) used in imaging and biodistribu-

tion studies was obtained from the Siteman Cancer Center pharmacy
or the Memorial Sloan Kettering pharmacy.

89Zr-Labeled Trastuzumab. As previously described (18,21), conju-
gation and radiolabeling of trastuzumab with zirconium-89 were achieved
using the bifunctional chelate p-isothiocyanatobenzyl-desferrioxamine
(DFO-Bz-NCS; Macrocyclics, Inc). [89Zr]Zr-oxalate was obtained from
the cyclotron at Memorial Sloan Kettering Cancer Center. The 89Zr-
labeled trastuzumab used in our studies had a radiochemical purity of
99% as determined by instant thin-layer chromatography, and the molar
activity was 21.98 MBq/nmol.

64Cu-Labeled Trastuzumab. Copper-64 was obtained from Wash-
ington University Cyclotron facility. Trastuzumab was buffer-exchanged in
0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 8.5)
and was conjugated and radiolabeled as previously described (27).
Briefly, conjugation and radiolabeling of trastuzumab with copper-64
were achieved by conjugating trastuzumab to p-SCN-Bn-NOTA (Macro-
cyclics) in 100% ethanol in a 20-fold molar excess, before incubation at
4!C overnight with slow agitation. The antibody–NOTA conjugate was
purified and concentrated in 0.1 M ammonium acetate buffer (pH 6) and
then radiolabeled with copper-64. The reaction mixture was incubated at
37!C for 1 h. The radiochemical yield and purity were determined as
described above in a mixture of 0.1 M ammonium acetate buffer (pH 6)
with 50 mM ethylenediaminetetraacetic acid as the mobile phase. The
radiolabeled conjugates used for in vivo studies had a radiochemical
purity of 99%, radiochemical yields ranging from 87% to 99%, and
molar activities in the range of 47.4–69.6 MBq/nmol.

Tumor Xenografts and Animal Studies
The animal experiments were conducted at both Washington Univer-

sity in St. Louis and Memorial Sloan Kettering Cancer Center. All ani-
mals were treated according to the guidelines approved by the Research
Animal Resource Center and Institutional Animal Care and Use Com-
mittee at Washington University School of Medicine at St. Louis or the
Research Animal Resource Center and Institutional Animal Care and
Use Committee at Memorial Sloan Kettering Cancer Center.
NCIN87 Gastric Xenografts. Eight- to 10-wk-old nu/nu female

mice (Charles River Laboratories) were injected subcutaneously on
the right shoulder with 5 million NCIN87 cells in a 200-mL cell sus-
pension of a 1:1 (v/v) mixture of Matrigel (BD Biosciences). The
mice were housed in type II polycarbonate cages, fed with a sterilized
standard laboratory diet, and given sterile water ad libitum. The ani-
mals were housed at approximately 19!C–23!C, at 30%–70% relative
humidity, and in a 12 h light/12 h dark cycle.

The tumor volume (V/mm3) was estimated by external vernier cali-
per measurements of the longest axis, a/mm, and the axis perpendicular
to the longest axis, b/mm. The tumors were assumed to be spheroid,
and the volume was calculated in accordance with the equation V 5

(4p/3)3 (a/2)2 3 (b/2).
PDXs. A gastric PDX model was established by the Antitumor

Assessment Core at Memorial Sloan Kettering Cancer Center from a
patient with HER2-positive gastric cancer, collected under an approved
institutional review board protocol by the Research Animal Resource
Center and Institutional Animal Care and Use Committee at Memorial

IMMUNO-PET MONITORS ADC EFFICACY & Brown et al. 1639



Sloan Kettering Cancer Center. Tumor fragments were mixed with
Matrigel and implanted subcutaneously in 6- to 8-wk-old female NSG
mice (Jackson Laboratories). Once established, tumors were maintained
and expanded by serial subcutaneous transplantation. Tumor samples
were evaluated as described previously (21), to grade for HER2 expres-
sion and to exclude B-cell lymphomas in PDXs associated with
Epstein–Barr virus.

In Vivo Therapeutic Efficacy
When tumor volumes reached approximately 200–500 mm3, mice

were randomly grouped into treatment cohorts ($8 per group for
T-DM1 treatments and $5 per group for T-DXd treatments). Supple-
mental Table 1 outlines the therapeutic studies conducted, the number
of animals per group, and the imaging agents used.
Multiple-Treatment T-DM1 Schedule. The multiple-treatment sched-

ule was published previously (21). Vehicle, T-DM1, lovastatin, or a combi-
nation of T-DM1 with lovastatin was administered to mice bearing
NCIN87 or gastric PDX tumors. Intravenous T-DM1 administration was
5 mg/kg (once weekly, for 5 wk). Lovastatin (4.15 mg/kg, oral gavage)
was administrated 12 h before and at the same time as the intravenous
injection of T-DM1. Tumor volumes were determined by vernier caliper
measurement twice a week.
Single-Treatment T-DM1 Schedule. A single dose of vehicle or

T-DM1, 5 mg/kg, was administered, and tumor volumes were measured as
described above. In cohorts of T-DM1 single-dose treatment combined
with lovastatin, the lovastatin (4.15 mg/kg, oral gavage) was administrated
12 h before and at the same time as the intravenous injection of T-DM1.
T-DXd Treatment. Vehicle, T-DXd, or a combination of T-DXd

with lovastatin was administered to mice bearing NCIN87 or gastric
PDX tumors. The mice received an intravenous injection of T-DXd
(5 mg/kg, single-dose). Lovastatin (4.15 mg/kg, oral gavage) was
administrated 12 h before and at the same time as the intravenous
injection of T-DXd. Tumor volumes were determined by vernier cali-
per measurement twice a week.

Acute Biodistribution Studies and Small-Animal PET
Supplemental Table 1 outlines the imaging agents used in each treat-

ment cohort. Mice in the T-DM1/statin cohorts were administered
89Zr-labeled trastuzumab on day 39 after initiating therapy. Acute biodistri-
bution studies were performed 48 h after injection of radiolabeled [89Zr]Zr-
DFO-trastuzumab. The mice were sacrificed and organs were harvested
and measured in the g-counter. Radioactivity associated with each organ
was expressed as percentage injected dose per gram of organ (%ID/g).

Mice in the T-DXd/statin cohorts were administered 64Cu-labeled
trastuzumab before initiating therapy or on day 29 after therapy.

PET imaging experiments at Memorial Sloan Kettering were con-
ducted on a microPET Focus 120 scanner (Concorde Microsystems) at
48 h after intravenous injection of [89Zr]Zr-DFO-trastuzumab. The
mice were anesthetized by inhalation of 1.5%–2% isoflurane (Baxter
Healthcare) in an oxygen gas mixture 10 min before recording PET
images. PET data for each group (n 5 4) were recorded with the mice
under isoflurane anesthesia (1.5%–2%). Images were analyzed using
ASIPro VM software (Concorde Microsystems).

PET imaging experiments at Washington University in St. Louis
were conducted on a Mediso nanoScan PET/CT scanner (Mediso) at
24 h after injection of [64Cu]Cu-NOTA-trastuzumab. PET images for
each group (n 5 2) were collected before therapy and on day 30 after
therapy and were recorded with the mice under isoflurane anesthesia
(1.5%–2%) as described above. Images were reviewed using 3D Slicer
software (version 5.0.3).

Statistical Analysis
Data were analyzed using RStudio and GraphPad Prism, version

9.0. The volume fold-change for each tumor was calculated as the

tumor volume at the endpoint (mm3) divided the tumor volume at the
start of therapy (mm3). Differences in fold-change were analyzed by a
1-way ANOVA or an unpaired Student t test. Differences in tumor
volume over time between treatment groups were calculated using a
2-way repeated-measures ANOVA. Mean activity in the tumor region
of interest (%ID/g) was quantified using 3D Slicer, version 5.2.2. The
correlation between mean %ID/g and tumor volume was calculated by
the Pearson correlation coefficient.

RESULTS

A Single Dose of T-DM1 Combined with Statin Reduces Tumor
Volume in Gastric Cancer Xenografts
Previous work has shown that statins enhanced trastuzumab accu-

mulation in tumors (18) and that coadministration of the anti-HER2
ADC T-DM1 with statins enhanced efficacy in gastric cancer mouse
models in a multiple-dose T-DM1 treatment regime that mimicked
the weekly infusion schedules performed in clinics (21). In these pre-
vious studies, a multiple-dose regime of 5 weekly 5 mg/kg doses of
T-DM1 was administered in combination with a 4.15 mg/kg dose of
lovastatin administered twice, 12h before and on the day of T-DM1
administration. This multiple-dose ADC regime significantly reduced
NCIN87 tumor volumes compared with T-DM1 alone, statin alone,
or control saline-treated tumor cohorts (21). Because of the possible
side effects that a multiple-dose infusion schedule of T-DM1 can
cause (25), we sought to investigate whether the enhanced potency of
T-DM1 seen on coadministration with statins could enable fewer
doses of T-DM1 to be given, without interfering with therapeutic
efficacy.
We first determined whether using T-DM1/statin as a single dose

effectively treated NCIN87 gastric tumor xenografts (Figs. 1A and
1B). In our current study, a single 5mg/kg dose of T-DM1 was
administered, with a 4.15mg/kg dose of lovastatin administered twice.
As performed in our previous studies, the statin was administered
12h before and on the day of T-DM1 administration. NCIN87 tumor
volumes monitored across a 60 d period from treatment initiation
were significantly lower (P , 0.001) in T-DM1/statin cohorts, even
with single-dose T-DM1 administration, than with control and
T-DM1 administration alone (Fig. 1B; Supplemental Fig. 1). Both
T-DM1/statin cohorts had a significantly lower (P , 0.001) tumor
volume fold-change than the T-DM1–alone equivalent in both single-
and multiple-dose regimes (Fig. 1C). The tumor volume fold-change
was significantly lower (P , 0.001) in T-DM1/statin cohorts in a
multiple-dose regime than in a single-dose regime (Fig. 1C).
Overall, we found that a single dose of T-DM1, when combined

with a statin, controlled NCIN87 gastric xenografts over a period
of 60 d.

PET Imaging Annotates Alterations in Tumoral HER2 in
Response to T-DM1/statin Combination
Noninvasive PET imaging using [89Zr]Zr-DFO-trastuzumab can

annotate changes in HER2 expression in response to HER2-targeted
therapies (18,21). Therefore, we next sought to determine whether
PET imaging could visualize changes in HER2 tumoral expression
accompanying the decrease in tumor volume in T-DM1–treated or
T-DM1/statin-treated NCIN87 xenograft tumors.
[89Zr]Zr-DFO-trastuzumab was injected at 39 d after treatment

initiation, the time at which NCIN87 tumors develop resistance to
weekly doses of T-DM1 (21). In our experiments, the radiolabeled
trastuzumab binds to tumoral membrane HER2 in vivo, and PET
images are acquired at 48 h after antibody injection. On the basis
of data shown in Figure 1, we expected that a decrease in tumor
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volume observed in T-DM1/statin cohorts would be accompanied
by a reduction in HER2 expression as monitored by HER2-
targeted immuno-PET. Immuno-PET after ADC therapy demon-
strated decreased uptake of [89Zr]Zr-DFO-trastuzumab in NCIN87
tumors on coadministration with statins, in both multiple- and
single-dose T-DM1 regimens, indicating that T-DM1 therapy had
reduced membrane tumoral HER2 expression at 39 d after therapy
initiation (Fig. 2A). Ex vivo biodistribution of the tumors excised
from mice after imaging quantified a 1.3-fold decrease in [89Zr]Zr-
DFO-trastuzumab uptake when statins were coadministered with
T-DM1 compared with T-DM1 administration alone, which was
significant in T-DM1 single-dose versus T-DM1/statin single-dose
treatment (P 5 0.02; Fig. 2B; Supplemental Fig. 2). [89Zr]Zr-
DFO-trastuzumab tumor uptake on PET images (measured at
%ID/g) correlated with tumor volume (r 5 0.97, P 5 0.03;
Fig. 2C), indicating a positive correlation between trastuzumab-
tumor binding and tumor size at 39 d after therapy initiation.
Overall, T-DM1/statin combination therapy significantly reduced

membrane HER2 tumoral expression compared with T-DM1 treat-
ment alone, which can be annotated in vivo using immuno-PET.

Statins Enhance the Efficacy of the ADC T-DXd in
HER2-Positive Gastric Tumors
Next, we sought to investigate whether including a statin could

enhance the efficacy of the trastuzumab ADC T-DXd (5,6). T-DXd
is showing excellent promise in treating gastric cancer, with initial
clinical trials reporting a 51% objective response rate for HER2-
positive gastric cancers (17). Initially using NCIN87 xenografts,
we replicated the single-dose regime such that a single dose of

T-DXd was administered at 5mg/kg along
with two doses of lovastatin (4.15 mg/kg)
administered 12h before and on the day of
T-DXd administration (Fig. 3A). Both T-DXd
and T-DXd/statin treatments reduced tumor
volumes over the first 20 d of measurement,
but in the next 14 d, T-DXd–treated tumors
began to regrow, whereas T-DXd/statin-
treated tumors remained controlled, resulting
in a significant difference in growth be-
tween the two groups (P 5 0.006; Fig. 3B;
Supplemental Figs. 3 and 4). Tumor vol-
ume fold-change at 34 d after treatment
initiation averaged 0.5760.09T-DXd/statin
compared with 1.316 0.22 in tumors
treated with T-DXd alone (P 5 0.008;
Fig. 3C).
To annotate changes in tumoral HER2

before and at 29 d after T-DXd therapy, we
used [64Cu]Cu-NOTA-trastuzumab before
and after therapy, as the half-life of copper-64
is 12.7h, allowing multiple imaging sessions
during our therapy window. Additionally,
recent studies have shown the ability of 64Cu-
labeled trastuzumab to monitor responder ver-
sus nonresponder tumors to ADC therapy
(28). Immuno-PET imaging after therapy in
NCIN87 tumors demonstrated a decrease
in uptake of [64Cu]Cu-NOTA-trastuzumab
in both T-DXd and T-DXd/statin cohorts
(Fig. 3D), and the mean %ID/g tumor values
from both pretherapy and posttherapy im-

aging correlated with tumor volume (r 5 0.77, P 5 0.03; Supplemen-
tal Fig. 5).
Overall, T-DXd therapy was enhanced on coadministration with

statins in HER2-positive NCIN87 tumors, and HER2 expression
on immuno-PET could be monitored before and after therapy with
64Cu-labeled trastuzumab.

ADC Single-Dose Coadministered with Statins Reduces Tumor
Volume in a Trastuzumab-Resistant Gastric PDX Model
Cell-line xenograft models such as NCIN87 cancer cells are com-

mercially available and can be used across multiple analyses for
preclinical work. However, they do not always represent the heteroge-
neity observed in clinical samples. PDX models offer an alternative
that can better represent patient tumor tissue and response to therapies
(29). Gastric PDXs recapitulate patient tumor inter- and intratumoral
heterogeneity in histology and genetic characteristics (30). Because of
the preservation of tumoral heterogeneity, PDXs are thought of as ava-
tars for patients when testing novel therapies (31). Therefore, we chose
a previously established gastric PDX model with known clinical resis-
tance to anti-HER2 therapy to test both the T-DM1/statin and the
T-DXd/statin single-dose regimes (Fig. 4A) (18,21).
When the HER2-positive gastric PDX was treated with a single

dose of T-DM1/statin (Fig. 4A), tumor volume was significantly
reduced (P , 0.001) compared with T-DM1 alone and control
cohorts (Fig. 4B; Supplemental Fig. 6). The volume fold-change of
T-DM1/statin tumors was significantly lower (P , 0.001) than for
the equivalent T-DM1–alone regime. No significant differences in
tumor volume fold-change were observed between T-DM1/statin
single-dose and multiple-dose regimes (Fig. 4C). Equally, when

FIGURE 1 (A) Schematic illustrating T-DM1 and statin dose administration in single-dose ADC
regime. NCIN87 gastric xenografts were established in female nude mice ($8 per group). Once
tumors reached 200–300 mm3, intravenous T-DM1 administration at 5mg/kg weekly (for 1 wk—
single-treatment regime) was started on day 1. Lovastatin (4.15mg/kg) was orally administered 12h
before and simultaneously with intravenous injection of T-DM1. [89Zr]Zr-DFO-trastuzumab was intra-
venously administered on day 39, and PET images were collected at 41 d after treatment. Immedi-
ately after PET imaging, organs were harvested for ex vivo biodistribution. Tumors were excised
at 43 d after initiating therapy and used for Western blot analyses. Schematic was created
with Biorender.com. (B) Tumor volumes (mm3) measured across 60 d for control, T-DM1 single-
treatment regime, and T-DM1/statin single-treatment regime. Mean 6 SD for at least 8 mice is
shown. ****P , 0.0001 based on 2-way repeated measures ANOVA. (C) Fold-change in NCIN87
tumor volume for T-DM1 or T-DM1/statin (1 wk of therapy, single-treatment regime) and for T-DM1
or T-DM1/statin (5 wk, multiple-treatment regime reported (21)). Fold-change between day 0 and day
60 is displayed as mean6 SD (n$ 8). ****P, 0.0001 based on 1-way ANOVA.

IMMUNO-PET MONITORS ADC EFFICACY & Brown et al. 1641



the HER2-positive gastric PDX was treated
with a single dose of T-DXd/statin (Fig. 4A),
there was a significant (P, 0.001) reduction
in tumor volume compared with T-DXd
alone (Fig. 4D; Supplemental Fig. 7). The
tumor volume fold-change of T-DM1/statin
PDXs was significantly lower (P 5 0.07;
Fig. 4E; Supplemental Fig. 8) than for the
equivalent T-DXd–alone regime. Finally,
both T-DXd single-dose and T-DXd/statin
single-dose treatments were more effective at
controlling gastric PDX tumor volumes than
were the T-DM1 and T-DM1/statin single-
dose regimes, as measured by tumor volume
fold-change (P , 0.0001 for all compari-
sons; Supplemental Fig. 9).
Overall, both the T-DM1 and the T-DXd/

statin single-dose regimes effectively reduced
tumor volumes in a clinically representative
gastric PDX model in which the originating
patient tumor was previously resistant to
anti-HER2 therapy.

ADC Therapy Coadministered with
Statin Downregulates HER2 Signaling
and Increases DNA Damage
After observations that an ADC/statin

single-dose regime is effective at reducing
tumor volume and induces alterations in
HER2 expression as detected via immuno-
PET, we sought to annotate changes in
HER2 signaling in total protein extracts
once tumor tissue was excised on day 43
after ADC therapy. Western blot analysis
of NCIN87 tumor extracts demonstrated
depletion of HER2 and phospho-HER2/
total HER2 after T-DM1 coadministration
with statins, in both multiple- and single-
dose regimes (Fig. 5A), with a 15- to 30-fold
reduction compared with control tumors and
tumors treated with T-DM1 alone (Fig. 5B).
Additionally, other HER family receptors,
including EGFR and HER3, were depleted
in T-DM1/statin groups, with an 8-fold
reduction in phospho-HER3/total HER3 and
a 6-fold reduction in phospho-EGFR/total
EGFR in comparison to control tumors
(Figs. 5A and 5B). Tyrosine phosphorylation
of multiple proteins was decreased in
T-DM1/statin multiple- or single-dose tumors
(Fig. 5A). The results shown in Figure 5
were further validated in 2 more independent
analyses (Supplemental Figs. 10–13).
In addition to evaluating protein expres-

sion in T-DM1–treated tumors, we found
that HER2 levels were 6-fold lower and
barely detectable in T-DXd and T-DXd/
statin-treated tumors harvested at 63 d after
therapy induction compared with control
tumors (Fig. 5C; Supplemental Fig. 14).
Further analyses in NCIN87 cells treated

FIGURE 2. (A and B) Representative PET images (A) and biodistribution (B) of [89Zr]Zr-DFO-trastu-
zumab displaying %ID/g acquired 48h after radiolabeled trastuzumab injection on day 39 for T-DM1
single-treatment regime, T-DM1/statin single-treatment regime, T-DM1 multiple-treatment regime,
and T-DM1/statin multiple-treatment regime. Tumor location is indicated by arrow. Data are mean 6

SD (n 5 4). Significant P values (,0.05) are displayed for tumor mean comparisons and were calcu-
lated by unpaired Student t test. (C) Scatterplot of mean%ID/g of [89Zr]Zr-DFO-trastuzumab in tumor
regions against tumor volume (mm3). Pearson correlation coefficient (r) and P value are displayed.
Line of best fit is displayed (solid black line) with 95% CIs (dotted black lines).

FIGURE 3. (A) Schematic illustrating T-DXd and statin dose administration across single-dose
regime. NCIN87 gastric xenografts were established in female nude mice (9 per group). Once
tumors reached about 200 mm3, mice were intravenously administered T-DXd, 5mg/kg weekly (for
1 wk—single-treatment regime). Lovastatin (4.15mg/kg) was orally administrated 12h before and
simultaneously with intravenous injection of T-DXd. [64Cu]Cu-NOTA-trastuzumab was intravenously
administered on days 1 and 29, and PET images were collected before (day 2) and after (day 30) ther-
apy. Mice were sacrificed 34–63 d after initiating therapy. Schematic was created with Biorender.
com. (B) Tumor volumes (mm3) were measured across 34 d for T-DXd and T-DXd/statin. Mean6 SD
of 9 mice per group is shown. **P 5 0.006 at endpoint based on 2-way repeated-measures ANOVA.
(C) Tumor volume fold-change in NCIN87 tumor volume in T-DXd or T-DXd/statin. Fold-change
between days 0 and 34 is displayed as mean 6 SD. **P 5 0.008 calculated by unpaired Student
t test. (D) Representative PET images of [64Cu]Cu-NOTA-trastuzumab displaying %ID/g acquired at
24h after radiolabeled trastuzumab injection before therapy (day 2) and after therapy (day 30) for
T-DXd and T-DXd/statin. Two different mice with varying tumor sizes from 73 to 384 mm3 are dis-
played for each group and each time point. Tumors are encircled.
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for 48h with ADC alone or in combination with lovastatin demon-
strated a 2- to 6.5-fold reduction in HER2 and a 2- to 3-fold reduction
in phospho-HER2 (Fig. 5D; Supplemental Fig. 15). Phosphorylated
tyrosines were downregulated in all treatments compared with con-
trol (Fig. 5D; Supplemental Fig. 16). Because the DXd chemother-
apy is expected to induce DNA damage, expression of H2AX,
phosphorylated H2AX, cleaved PARP, and full-length PARP was
evaluated at the cellular level. All 4 treatments (T-DM1, T-DM1/statin,
T-DXd, and T-DXd/statin) increased the expression of markers for
DNA damage, showing a 3- to 6-fold increase in H2AX and a 1.6- to
3.5-fold increase in phosphorylatedH2AX comparedwith control cells
(Fig. 5D; Supplemental Fig. 17). Interestingly, levels of H2AX and

phosphorylated H2AX were relatively high in T-DM1/statin-treated
samples and in T-DXd–treated cells. Finally, the ratio of cleaved
PARP/PARP in T-DM1/statin and T-DXd/statin-treated cells was
16-fold and 28-fold higher than in control cells (Fig. 5E; Supplemental
Fig. 18), suggesting cleavage of full-length PARP in cells undergoing
DNAdamage.
Overall, Western blot analyses demonstrated depletion of HER2

and decreased phosphorylation of HER2 and multiple downstream
targets on coadministration of T-DM1 or T-DXd with statin com-
pared with control tumors. Additionally, Western blot analyses
showed expression of DNA damage markers on acute treatment
with HER2-targeting ADC-plus-statin therapies.

DISCUSSION

ADCs have become eminent in oncologic treatment schedules
because of their ability to precisely target tumors with potent efficacy.
Indeed, 14 ADCs have been approved for cancer treatment, and
more than 100 different ADCs are being evaluated in clinical trials
(4). T-DM1 and T-DXd are two Food and Drug Administration–
approved anti-HER2 antibody conjugates, which are based on the
antibody trastuzumab linked to a cytotoxic payload. T-DM1 com-
prises trastuzumab conjugated with a microtubule-targeting pay-
load (DM1), whereas T-DXd contains trastuzumab linked to a
topoisomerase-1 inhibitor payload. T-DM1 is effective in treating
HER2-positive breast tumors, but in clinical trials it failed to treat
HER2-expressing gastric cancers (15). Most recently, T-DXd demon-
strated improved efficacy in HER2-positive advanced gastric tumors
(17). A common characteristic of T-DM1 and T-DXd is that treat-
ment schedules often require frequent infusions of the cold ADC to
maintain therapy. Although ADCs are usually well tolerated, severe
side effects can occur in patients, including low blood counts, liver
damage, and lung damage (32). After our previous studies showing
that cholesterol-depleting drugs (statins) enhance cell-surface HER2
availability (18) and ADC internalization (20) in ways that enhance
anti-HER2 antibody–based therapies, we have now demonstrated
here that statins can be used to reduce the number of infusion sche-
dules of the cold ADC. In our studies, preclinical gastric tumors trea-
ted with a single dose of T-DM1 in combination with a statin
achieve responses similar to multiple doses of T-DM1. Tumor
growth inhibition in HER2-positive NCIN87 and PDX gastric tumors
was achieved with a single dose of T-DXd, and growth inhibition
was enhanced by coadministration with lovastatin.
We found that preclinical immuno-PET with radiolabeled trastu-

zumab can monitor HER2 tumoral levels on treatment with the
T-DM1 or T-DXd. Recently, another study demonstrated the use of
HER2 PET to monitor response to T-DM1 therapy in breast cancer
mouse models, with a decrease in radiolabeled anti-HER2 antibody
observed after treatment (33). In metastatic breast cancer patients,
pretreatment imaging of HER2 targeting with 64Cu-labeled trastuzu-
mab (28) or 89Zr-labeled trastuzumab (34) was predictive of treat-
ment response, with higher uptake of radiolabeled antibody before
treatment being predictive of a better response. Our current study
showed a correlation between the %ID/g of 89Zr-labeled trastuzumab
or 64Cu-labeled trastuzumab and volume in tumors treated with
T-DM1 or T-DXd, respectively. Our preclinical data contribute to
the accumulating evidence that HER2 PET can provide noninvasive
insight into receptor tumoral levels.
Tumors of animals treated with T-DM1 or T-DXd plus statin

showed growth suppression and demonstrated lower uptake on PET
images after therapy. These imaging findings correlated with changes

FIGURE 4. (A) Schematic displaying establishment of HER-positive
gastric cancer PDX from patient tumor. Tumor fragments were implanted
subcutaneously into NSG mice ($8 per group). T-DM1/statin multiple-
and single-dose schedules were administered as described in Figure 1.
T-DXd/statin single-dose schedule was administered as described in
Figure 3. Schematic was created with Biorender.com. (B) Tumor volumes
(mm3) were measured across 40 d for control, T-DM1 single-dose regime,
and T-DM1/statin single-dose regime. Mean 6 SD is shown (n $ 8 per
group). ****P , 0.0001 based on 2-way repeated measures ANOVA.
(C) Tumor volume fold-change in gastric PDX for T-DM1 or T-DM1/statin
(1 wk of therapy, single-treatment regime) and for T-DM1 or T-DM1/statin
(5 wk, multiple-treatment regime reported (21)). Fold-change between first
and last tumor volume measurements is displayed as mean 6 SD (n $ 5
per group). ns 5 not significant. ****P , 0.0001 based on 1-way ANOVA.
(D) Tumor volumes (mm3) were measured across 21 d for T-DXd single-
dose regime and T-DXd/statin single-dose regime. Mean 6 SD is shown
(n $ 8 per group). *P 5 0.02 based on 2-way repeated measures ANOVA.
(E) Tumor volume fold-change in gastric PDX for T-DXd or T-DXd/statin.
Fold-change between first and last tumor volume measurements is dis-
played as mean 6 SD (n $ 8 per group). **P 5 0.007 based on unpaired
Student t test.
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in HER2 and HER2-mediated signaling in tumors, because we
observed—by Western blot analyses—decreased HER2, HER2
phosphorylation, and phosphor-tyrosine phosphorylation in tumors.
HER2 phosphorylation results in signaling activation, and further
downstream phosphorylation of multiple proteins occurs, ultimately
resulting in increased proliferation, survival, and migration of cancer
cells that are driven by HER2 signaling (35,36). Our results indicate a
suppression in HER-mediated signaling after T-DM1/statin and
T-DXd/statin therapy.
Anti-HER2 ADC efficacy depends on a series of several

sequential events: binding of the ADC to the cell-surface HER2,
ability of the antibody to decrease HER2-mediated oncogenic sig-
naling and to induce antibody-mediated cellular toxicity, ADC-
HER2 internalization, and, finally, payload release inside the
tumor cell (37–39). Our previous preclinical experiments are con-
sistent with the hypothesis that surface-localized HER2s can be
modulated to enhance trastuzumab and T-DM1 efficacy (18,21).
Therefore, pharmacologic strategies that augment HER2 antibody
tumor binding and further internalization may allow reducing the
number of dose schedules of the therapeutic antibody or ADC. We
observed that treating tumors with T-DM1 in combination with lo-
vastatin enhances T-DM1 tumor binding and internalization in vitro,
resulting in higher efficacy than with T-DM1 alone (21). Impor-
tantly, our results show that just a single dose of T-DM1/statin is

efficacious in gastric tumor models and was just as effective as
multiple doses of T-DM1/statin in a PDX gastric model (Fig. 4).
Overall, our findings support a mechanism by which stabilization
of membrane HER2 increases anti-HER2 ADC binding; conse-
quently, internalization is enhanced, which in our studies allowed a
lower number T-DM1 doses to achieve therapeutic efficacy in
mice. If translated to the clinic, this strategy could potentially
reduce the number of doses of T-DM1 and adverse events associ-
ated with T-DM1 treatment (40).
Although T-DM1 and T-DXd are composed of the same anti-

body (trastuzumab), several differences exist between these two
ADCs: T-DXd has a higher drug-to-antibody ratio than T-DM1,
two different linkers are used in the preparation of T-DM1 and
T-DXd, the two cytotoxic payloads DM1 and DXd have a different
mechanism of action, and DXd permeability allows for a bystander
effect to the neighbor cells regardless of their expression for HER2.
Coadministration of statin with an ADC enhanced the expression of
the DNA damage markers PARP and H2AX. Additionally, PARP
and H2AX were expressed in T-DM1/statin-treated cells but not in
cells treated with T-DM1 alone, indicating induction of DNA dam-
age with statins. Indeed, lipophilic statins such as lovastatin have
previously been reported to sensitize cancer cells to radiotherapy via
increased DNA damage. However, statins are also reported to pro-
tect against DNA damage in normal tissues by increasing DNA

FIGURE 5. (A and B) Western blot analyses (A) and quantification (B) at 43 d after treatment of NCIN87 tumors for control, T-DM1multiple-treatment regime,
T-DM1/statin multiple-treatment regime, T-DM1 single-treatment regime, and T-DM1/statin single-treatment regime. Western blots show expression of pro-
teins in HER2 downstream signaling pathways including HER2, phosphor-HER2, EGFR, phosphor-EGFR, HER3, phosphor-HER3, and phosphor-tyrosine.
b-actin was used as loading control. Quantifications shown in B relate to A, and analyses for additional repeats are shown in supplemental materials. (C)
HER2 Western blot analyses and quantification after treatment of NCIN87 tumors for control, T-DM1 single-treatment regime, T-DM1/statin single-treatment
regime, T-DXd single-treatment regime, and T-DXd/statin single-treatment regime. b-actin was used as loading control. (D) Western blot analyses and (E)
quantification for NCIN87 cells treated with vehicle, T-DM1, T-DM1/statin, T-DXd, and T-DXd/statin for 48h. Western blots show expression of HER2,
phosphor-HER2, phosphor-tyrosine, H2AX, phosphor-H2AX, cleaved PARP, and PARP. b-actin was used as loading control. Full membranes of all repeats
are shown in supplemental materials. p-Tyr5 phosphor-tyrosine.
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double-strand break repair (23,41). This mechanism of action by
statins requires further investigation with other preclinical tumor
models.
In addition to modulating HER2 in tumors, it is possible that sta-

tins might also induce alterations in other HER2-expressing nontu-
mor organs. Since trastuzumab does not bind the rodent homolog of
HER2 (42), our study failed to address the effects of statin in trastu-
zumab binding to HER2-expressing murine tissues. Additionally, the
pleiotropic effects of statins suggest that lovastatin has potential off-
target effects in addition to HER2 modulation, none of which were
determined in our study.

CONCLUSION

Our results showed that immuno-PET with radiolabeled trastu-
zumab can monitor HER2 tumoral levels on treatment with
HER2-targeted ADCs in preclinical models. Our study also dem-
onstrated that the combination of a statin with anti-HER2 ADC
enhances therapeutic efficacy in preclinical HER2-expressing gas-
tric tumor models in ways that allow reducing the number of ADC
therapeutic doses. Considering that statins are prescribed to mil-
lions of people every year to reduce cholesterol levels (43), our
findings have the potential to be translated to clinical trials to test
the feasibility, safety, and efficacy of using statins in combination
with HER2-targeting ADCs.
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KEY POINTS

QUESTION: Can HER2-targeted immuno-PET inform on the
tumor response and dose regime of ADC therapy in combination
with statins?

PERTINENT FINDINGS: Immuno-PET serves as a noninvasive
tool to monitor HER2 depletion in vivo in response to T-DM1,
T-DXd, T-DM1/statin, or T-DXd/statin administration.

IMPLICATIONS FOR PATIENT CARE: The enhanced potency of
ADC therapy observed on coadministration with statins can be
monitored with immuno-PET and enables lowering of ADC doses
while achieving similar efficacy.
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Low-Insertion Peptide Conjugated to Indocyanine Green
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Shortwave infrared (900–1,700nm) fluorescence imaging (SWIRFI)
has shown significant advantages over visible (400–650nm) and near-
infrared (700–900nm) fluorescence imaging (reduced autofluores-
cence, improved contrast, tissue resolution, and depth sensitivity).
However, there is a major lag in the clinical translation of preclinical
SWIRFI systems and targeted SWIRFI probes.Methods:We preclini-
cally show that the pH low-insertion peptide conjugated to indocya-
nine green (pHLIP ICG), currently in clinical trials, is an excellent
candidate for cancer-targeted SWIRFI. Results: pHLIP ICG SWIRFI
achieved picomolar sensitivity (0.4 nM) with binary and unambiguous
tumor screening and resection up to 96h after injection in an orthoto-
pic breast cancer mouse model. SWIRFI tumor screening and resec-
tion had ambient light resistance (possible without gating or filtering)
with outstanding signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR) values at exposures from 10 to 0.1ms. These SNR and
CNR values were also found for the extended emission of pHLIP ICG
in vivo (.1,100nm, 300ms). Conclusion: SWIRFI sensitivity and
ambient light resistance enabled continued tracer clearance tracking
with unparalleled SNR and CNR values at video rates for tumor delin-
eation (achieving a tumor-to-muscle ratio above 20). In total, we pro-
vide a direct precedent for the democratic translation of an ambient
light resistant SWIRFI and pHLIP ICG ecosystem, which can instantly
improve tumor resection.

KeyWords: SWIR; fluorescence; surgery; preclinical; tumor
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Shortwave infrared (SWIR, 900–1,700 nm, or the second near-
infrared [NIR] window) fluorescence imaging (SWIRFI) is provid-
ing novel insights for preclinical and clinical biophotonic imaging
(1–5). In the SWIR spectrum, tissue scattering, absorption, and
autofluorescence are negligible, permitting higher contrast, deeper
penetration, and improved resolution (6–10). By combining the
spectral response of human eyes (380–720nm) with SWIR detector

insensitivity below 920nm, SWIRFI can be performed without ambi-
ent light removal and with no effect on human vision (11). SWIRFI
is undergoing rapid preclinical deployment but is hampered by system
and dye unavailability for routine applications that are investigating
complex and diverse biologic systems, a situation that is exacerbated
in clinical settings. SWIRFI has characterized the extended emission
of indocyanine green (ICG, .900 nm, which is invisible to silicon
sensors), with improvements in resolution and contrast over silicon-
based NIR fluorescence imaging (NIRFI) (5,8,10,12–14). Improved
spatial resolution can be achieved with SWIRFI by using long-pass
filters at 1,100 and 1,300 nm, and simply using the entire SWIRFI
spectral response enables improved image quality over NIRFI (15). In
addition, dedicated SWIR (.1,000nm) fluorophores have been devel-
oped (16,17). Targeted clinical cancer resection could greatly benefit
from SWIRFI, but novel SWIRFI cancer-targeting agents require fur-
ther assessment before clinical deployment (11,16,18). Accordingly,
clinical SWIRFI has focused on the nontargeted enhanced permeabil-
ity and retention effect (second window) of ICG-based imaging.
Here, SWIRFI has shown both image and patient outcome improve-
ments over NIRFI for liver tumor surgery, glioma resection, cystic
renal mass removal, and brain metastasis (19–22). However, there is
an unmet need for a workhorse cancer-targeting agent for SWIRFI
like that of 18F-FDG for PET (23).
The pH low-insertion peptide (pHLIP) conjugated to ICG (pHLIP

ICG), not yet validated for SWIRFI, is a tumor-targeting agent under
clinical investigation for breast cancer resection (NCT05130801)
(24–27). In acidic tumor microenvironments, pHLIP ICG inserts into
cellular membranes, displays high selectivity and contrast over
healthy tissues, and preclinically delineates various cancers (24).
pHLIP is also amenable to other dyes or radiolabeling (28,29). Here,
we combined commercial SWIRFI’s video rate picomolar sensitivity
to ICG with the tumor selectivity of pHLIP ICG. We achieved video
rates with a high signal-to-noise ratio (SNR), a high contrast-to-noise
ratio (CNR), and preclinical tumor screening and resection in
an orthotopic murine breast model. SWIRFI displayed improved
sensitivity over the current preclinical gold-standard NIRFI (IVIS;
PerkinElmer) for pHLIP ICG, extending the video-guided surgical
resection window from 24 up to 96h (24,30–32). Surgical window
extension enabled an increased tumor CNR, peaking 72–96h after
injection, with tumor screening and resection possible at exposures
of 10–0.1ms. This could be performed under cost-effective and
facile ambient lighting conditions (no gating), enhancing clinical
practicality, translation, and dissemination (33). The extended
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emission of pHLIP ICG beyond 1,100nm in vivo is also demon-
strated. The CNR achieved by SWIRFI (mean tumor-to-muscle ratio
of 22.6) provided binary and unambiguous tumor or no-tumor delin-
eation, with implications for preclinical assessment of other cancer-
targeting dyes. This work establishes the basis for SWIRFI’s clinical
translation via pHLIP ICG for targeted cancer resection, aiding the
translation of other SWIRFI cancer-targeting agents.

MATERIALS AND METHODS

Ambient Light Resistant SWIRFI
A commercial preclinical SWIR hyperspectral system (IR-VIVO and

PHySpec; Photon Etc.) permitted in vivo SWIRFI. Laser excitation
(808nm) was distributed over the mouse (90–450 mW/cm2, measured
using a laser power meter, PM100D; Thorlabs). Sensor settings were
270.0!C, high gain, 0 gain conversion, 8-MHz readout, no corrections,
and 14-bit depth, and 30-Hz rates were achieved at exposure times of
10–0.1ms. The in-built SWIR light-emitting diode (LED, 940 nm) was
used for SWIR white light (anatomical reference) images (10ms). A red,
green, blue LED with a 650-nm short-pass filter (FES0650; Thorlabs)
provided ambient lighting (70mW/cm2 at 488nm).

SWIR Spectral Measurement of pHLIP ICG
The NIR absorbance of pHLIP ICG was measured on a plate reader

(SpectraMax iD5; Molecular Devices). pHLIP ICG’s SWIR emission
spectra were assessed with and without 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine liposomes (POPC) (100nm; T&T Scientific
Corp.; Fig. 1D) (24,25). SWIR spectra were acquired using a home-built
SWIRFI spectroscopy system and tunable white light source (SuperK
Extreme supercontinuum white light laser; NKT Photonics), an inverted
microscope (IX-71 microscope and 320 SWIR objective; Olympus),
and a 1-dimensional indium gallium arsenide NIR detector (iDus 1.7-mm

InGaAs, Andor; Oxford Instruments). Light was collected at exposures
of 0.1–5 s with 808 nm excitation. Wavelength-dependent emission
intensity artifacts from the spectrometer, detector, and other optics were
corrected via an HL-3-CAL-EXT halogen calibration light source
(Ocean Optics).

Phantom Imaging
Commercial imaging phantoms (ICG-equivalent Reference Set;

Quel Imaging) assessed resolution, sensitivity, and depth penetration
of NIRFI and SWIRFI preclinical systems (34–36). Quel targets were
analyzed by Quel’s dedicated site (35). Custom prelens filter mounts
and appropriate long-pass filters (FELH-1100, FELH-1200, and
FELH-1300 with SM1L03; Thorlabs) enabled SWIRFI at longer
wavelengths of 1,100, 1,200, and 1,300 nm, respectively.

NIRFI
NIRFI was performed on a gold-standard commercial system (IVIS

Spectrum CT; PerkinElmer). System settings were low binning, f-stop
1, high lamp, and 745- and 820-nm excitation and emission filter sets,
respectively. Raw (luminescent) tiff files were analyzed after dark-
noise subtraction, with median filtering (outlier removal) and gaussian
blur applied as for SWIRFI. Exposure times ranged from 10 to
10,000ms.

Image Processing and Analysis
SWIRFI data (h5 format) were converted to 14-bit tiff files in Ima-

geJ (37). Automated image processing consisted of dark-noise subtrac-
tion and 32-bit conversion, flat field correction with a normalized ICG
(Cardiogreen, I2633; Sigma) image, dark and bright pixel removal via
median filtering (outlier removal; kernel, 1; threshold, 500), LUT (Fire)
application, gaussian blur (s 5 2 pixels), and thresholding. Single
frames were quantified for all exposures. Analysis was performed in
GraphPad Prism (version 9.3.1; GraphPad Software) and MATLAB

FIGURE 1. Ambient light resistant SWIRFI for pHLIP ICG detection. (A) SWIRFI setup for ambient light resistant imaging of pHLIP ICG. Images were
automatically converted to tiff files for rapid image correction and analysis (ImageJ). Panel was created with Biorender.com. (B) Comparison of silicon
(NIRFI), indium gallium arsenide (InGaAs; SWIRFI) sensors, and human vision responses with ICG laser excitation (808nm), ICG, and LED emission pro-
files. (C) pHLIP ICG absorption (100mL, 8mM) with and without (bound and unbound) POPC liposomes. NIRFI (745nm) and SWIRFI (808nm) excitation
wavelengths are shown. (D) SWIR emission of pHLIP ICG (normalized) in on and off states. (Inset) Emission from 1,100 to 1,400nm. ABS (O.D.)5 absor-
bance (optical density); PC5 personal computer; RGB5 red, green, blue; SP5 short pass.
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(2021b; MathWorks). SNR and CNR values (dB) were calculated
(Excel, version 16.57; Microsoft) according to Equations 1 and 2:

SNRdB 5 103 log10
brightest ROIAvg2background ROIAvg

background ROISD

! #
Eq. 1

CNRdB 5 103 log10
tumor ROIAvg2body ROIAvg

body ROISD

! #
: Eq. 2

Mouse Handling
Mouse handling, imaging, and housing were performed in accordance

with the National Institutes of Health guidelines and approved by the
Office of the Institutional Animal Care and Use Committee protocols at
Memorial Sloan Kettering Cancer Center. Athymic female nude mice
(n 5 12, Foxn1nu, 002019, inbred; the Jackson Laboratory) were housed
under a 12-h on-and-off light cycle, with up to 5 mice per cage with
food (trimethoprim–sulfamethoxazole [Sulfatrim] addition; TestDiet,
#TD1810356-293) and water ad libitum. Mammary fat pad injection
of 3.0 3 105 4T1 cells (ATCC, CRL-2539, STR-validated, Myco-
plasma-free) suspended in 30mL of Matrigel generated orthotopic
breast tumor models. At tumor sizes of approximately 100 mm3 ($7–9 d
postinjection), mice intravenously received pHLIP ICG (0.5mg/kg) and
were imaged 1, 24, 48, 72, and 96h after injection. Anesthesia was
achieved in all cases via gaseous isoflurane inhalation (induction, 3%;
maintenance, 1%–2% v/v). Euthanasia via CO2 inhalation occurred at
96h under approved protocols. Tumor resection (after euthanasia) was
performed, with tumor excision confirmed via SWIRFI. SWIRFI nec-
ropsy biodistribution was performed for tumor, liver, kidneys, spleen,
stomach, large and small intestines, brain, skin, bone, muscle, heart, and
lungs. SWIRFI organ values from a noninjected (control) mouse were
subtracted from injected mouse values. Two mice were excluded from
all analyses because of a failed acquisition time point and insufficient
tumor size, respectively. Hematoxylin and eosin (H&E) staining was
performed in line with Supplemental Table 1 (supplemental materials are
available at http://jnm.snmjournals.org).

RESULTS

Ambient Light Resistant SWIRFI for pHLIP ICG
SWIRFI’s ambient lighting resistant setup and processing work-

flow were determined (Figs. 1A and 1B; Supplemental Fig. 1). Red,
green, blue LED combinations without laser excitation found that
green, blue, and green-blue (cyan) with and without a 650-nm short-
pass filter and without gating were invisible to the sensor (there was
no long-pass filter on the sensor; Supplemental Fig. 1). Red emission
was barely detectable at 10 ms exposures ($5% of the sensor’s
dynamic range) and slightly dimmed by the 650 nm short-pass filter
(Supplemental Fig. 1). The sensor’s spectral response, human vision
response, LED emission, laser excitation, and ICG emission combine
to achieve ambient lighting resistant imaging under these conditions
(Fig. 1B). pHLIP ICG NIR absorbance and SWIR emission spectra
were determined on respective dedicated spectrometers (Figs. 1C and
1D). An 8mM bound (with POPC liposomes) pHLIP ICG solution
displayed characteristic ICG absorption (with a 802-nm peak).
pHLIP ICG’s SWIR fluorescence mechanism was in line with its
previously reported NIR format and extended to approximately
1,400nm, like that of naïve ICG, with the unbound solution, free of
POPC liposomes, having minimal absorption or fluorescence, as
expected (Figs. 1C and 1D) (24,25).

SWIRFI Advantages for pHLIP ICG
Phantoms enabled direct comparison between SWIRFI and NIRFI

modalities in their ICG-optimized modes. Preclinical gold-standard

NIRFI was performed on an IVIS system and found to be insensitive
compared with SWIRFI. ICG-mimicking phantoms highlighted
SWIRFI’s improved sensitivity, improved depth (5.24 vs. 3.64mm),
and comparative resolution levels (2.5 line pairs/mm; Supplemental
Fig. 2). This improvement was also found in custom pHLIP ICG
phantoms in which SWIRFI had 100 times more sensitivity than
NIRFI, both with and without tissue (Supplemental Fig. 3). SWIRFI
achieved picomolar (0.4 nM) pHLIP ICG sensitivity at 10 ms (100Hz
equivalent) exposure times (Supplemental Fig. 4), at a third of the
American National Standards Institute limit for laser fluence at
808 nm (ANSI,,330 mW/cm2) (38).

FIGURE 2. Ambient lighting resistant SWIRFI tumor screening via pHLIP
ICG. (A) Representative white light (WL, in-built SWIR LED illumination,
940 nm) and SWIRFI detection of pHLIP ICG–injected mice (.900nm, n5 4,
10ms, 0.5mg/kg) at 1, 48, and 96h after injection. Negligible signal was
detected from a control mouse (data not shown, noninjected, n5 1). (B) SNR
(dB) of brightest point from all mice from 1 to 96h at all exposures (10, 1, and
0.1ms). (C) Values (10ms) comparing tumor and body SWIRFI levels. Tumor
fluorescence peaked at 24h and was retained up to 96h. (D) Tumor-to-body
CNR (dB) increases past 24h and peaks at 72h. In all cases, mean and SD
are shown (n 5 4 biologic replicates) aside from D, up to 96h with 0.1 ms
exposure, where only n 5 3 values are shown. a.u. 5 arbitrary unit; dotted
arrow 5 fluorescence reflection from ambient LED; dotted gray circles 5

quantification regions of interest, where 1 is system noise (SNR), 2 is tumor
values, and 3 is body values (CNR); Dotted line 5 acceptable thresholds
(5 dB for SNR, 3 dB for CNR); M15 mouse 1; Max5 maximum; solid arrow
5 ambient light source (red, green, blue LED).
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Improved Tumor Contrast via SWIRFI Under Ambient Lighting
Reanalysis of 0 to 48 h published NIRFI levels for pHLIP ICG bio-

distribution found competition between tumor and liver fluorescence,
and after 48h, tumor contrast should improve (Supplemental Fig. 5)
(24). Because SWIRFI provided sufficient (picomolar) sensitivity to
detect low probe levels, we assessed tumor contrast up to 96h after
injection. Nude mice bearing orthotopic breast tumors were used for
facile SWIRFI of deep-seated organs through the skin (24). pHLIP
ICG was administered intravenously (0.5mg/kg), with SWIRFI per-
formed every 24h from 1 to 96h. Signal collection from the deep-
seated liver was aided by imaging above the ANSI fluence limit at
808 nm (450 mW/cm2), removing the need to euthanize mice at later
time points (38). SWIRFI of pHLIP ICG and the image processing
pipeline displayed excellent tumor screening from 24 to 96 h
(Fig. 2; Supplemental Figs. 6 and 7). As expected, liver fluores-
cence was strongest 1 h after injection, decreasing with time as
tumor contrast and delineation simultaneously increased. SWIRFI
consistently performed with high SNR values ($30 dB, 10ms)
above acceptable 5 dB thresholds (Fig. 2B). Tumor fluorescence
levels peaked at 24h compared with surrounding areas, with CNR
values also above acceptable 3 dB thresholds. However, CNR values
dramatically increased, peaking from 72 to 96h with 10- and 1-ms
exposures providing indistinguishable CNR values. A batch of mice
imaged within the ANSI limit (300 mW/cm2 at 808 nm) provided
similar results (Supplemental Fig. 8) to aid clinical translation of

these results. Gold-standard NIRFI required exposure of 1,000ms to
match the 1 ms SWIRFI SNR and CNR (Supplemental Fig. 9).

SWIRFI Tumor Resection via pHLIP ICG Under
Ambient Lighting
Surgical resection (after euthanasia) was performed at 96h. SWIRFI

binarily delineated the tumor (Fig. 3A) and confirmed tumor-free beds
with SNR and CNR above acceptable thresholds (Figs. 3B and 3C).
SWIRFI biodistribution found tumors had significantly higher fluores-
cence than other tissues, confirming the improved clearance of pHLIP
ICG from tissues other than the tumor (Fig. 4). Values for all organs
from all mice are shown (Fig. 4), as are all organs with corresponding
threshold levels from all mice (Supplemental Fig. 10). Images and
values are combined from mice imaged at 808 nm fluence levels of
either 450 or 300 mW/cm2, with each corrected via noninjected
organs. H&E staining was performed on select organs, confirming the
characterization of tissues associated with residual agent uptake (Sup-
plemental Fig. 11).

Extended SWIRFI (>1,100nm) of pHLIP ICG In Vivo
We then investigated the emission of pHLIP ICG extended past

1,100nm in vivo (Fig. 1D), similar to antibody-conjugated ICG imag-
ing (39). First, a 4mM pHLIP ICG solution with POPC liposomes, as
before, was imaged in a multiwell plate. Imaging was performed with
and without scattering medium (raw chicken breast) and various long-
pass optical filters (Supplemental Fig. 12). A reduction of 1.98mm
in the full width at half maximum was found when imaging with
a long-pass filter at 1,100 nm over 900 nm (no filter and sensor spec-
tral response). This was further reduced by 2.27mm when employingFIGURE 3. Ambient lighting resistant SWIRFI resection. (A) Representa-

tive SWIRFI white light (WL) overlaid with detection of tumor resection (after
euthanasia) at 96h. The tumor is clearly delineated from both the body and
tumor bed (arrow). (B) Resected tumor SNR levels for all exposure times.
(C) Resected tumor CNR levels for all exposure times. In all cases, mean
and SD are shown (n 5 4 biologic replicates, aside from B, 0.1 ms expo-
sure, where only n 5 3 are shown). Dotted line 5 acceptable thresholds
(5dB for SNR, 3dB for CNR); M25mouse 2; M35mouse 3.

FIGURE 4. Ambient lighting resistant SWIRFI necropsy biodistribution.
SWIRFI organ values. Respective endogenous values from control mice
imaged under comparative conditions have been subtracted for each.
Mean, standard deviation, and biologic replicates (n 5 7) are shown, neg-
ative values after endogenous level subtraction are not shown. Select
P values (,0.05, Welch 2-tailed t test, unpaired, parametric) and ratios
comparing tumor to select tissues are shown. a.u. 5 arbitrary unit;
L. Intest.5 large intestine; S. Intest.5 small intestine.
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a long-pass filter at 1,300 nm. A final batch of mice was imaged
using the 1,100 nm long-pass filter after pHLIP ICG administration,
as before, with the extended SWIRFI emission of pHLIP ICG read-
ily detected, albeit not at video rates (Fig. 5; Supplemental Figs. 13
and 14).

DISCUSSION

In this work, preclinical commercial SWIRFI’s advantages for
pHLIP ICG were shown in phantoms, along with its utility in tumor
screening and resection. When compared in their respective ICG
optimized modes, SWIRFI consistently outperformed a NIRFI sys-
tem. The used SWIRFI system and developed image processing
pipeline produced relevant and accurate images (Figs. 1–3 and 5;
Supplemental Figs. 6–8, 10, and 13). The achieved sensitivity (Sup-
plemental Figs. 2–4) facilitated video rate tumor detection, guided
resection, and determined biodistribution at low probe levels up to
96 h after injection, highlighted by the high SNR and CNR levels at
exposure times of 10, 1, and 0.1ms (Figs. 2–4). The video rate pico-
molar sensitivity of SWIRFI was essential for validating the hypoth-
esized increase in tumor CNR at later time points (Supplemental

Fig. 4; Supplemental Video 1). The next
iterations could use the minor decrease in
SNR with comparative CNR at 1 versus
10ms (Figs. 2 and 3), with gated laser
emission to reduce exposure of the agent
at no cost to tumor delineation, thus reduc-
ing photobleaching (40–43). The mean
necropsy-based muscle-to-tumor ratio of 22.6
at 96h provided binary and unambiguous
tumor delineation, with tumor values that
were statistically significant compared with
liver values (Fig. 4; Supplemental Fig. 10).
Considering the wide tumor-targeting capa-
bilities of pHLIP ICG, other tumor models
should be investigated (24).
All SWIRFI images and results presented

here were performed under ambient lighting
conditions with no detriment to signal accu-
racy (17,18). The LED ($$1) used in a
green-blue combination was undetectable by
the sensor with and without filtering (Fig. 1;
Supplemental Fig. 1). This proof-of-principle
work positions SWIRFI as an easily scal-
able, cost-effective, environmentally friendly,
and democratic facile solution for ambient
light resistant fluorescence guided surgery
(FGS) without gating or filters (33). Future
iterations should aim to assess various com-
mercial LEDs for clinical deployment.
The spectral emission of pHLIP ICG

extended past 1,100 nm is also shown. A
direct comparison was made from mice
consecutively imaged with 900 (sensor
response) and 1,100 nm long-pass filters at
all time points (Fig. 5; Supplemental Figs.
13 and 14). However, the 1,100-nm cutoff
did not equate to an improved SNR or
CNR over the 900 nm cutoff images
because of tumor localization of pHLIP
ICG at later time points, topical tumor

location, and overall reduction in bulk sensitivity above 1,100 nm.
SWIRFIs resolution improvement (.1,100 or .1,300 nm) is
likely of more benefit to smaller-structure imaging (angiography,
delineation of nerves, micrometastases) than to large tumor masses
(8,15).
These results have implications for preclinical imaging, in which

novel targeting agents (peptides, nanoparticles, small molecules, anti-
bodies, etc.) can be evaluated via video rate SWIRFI by conjugating
ICG, or novel SWIRFI dyes can be evaluated using the pHLIP
(16,44). The achieved sensitivity may permit dose reduction for detec-
tion and simultaneously elongate imaging windows—improving tumor
delineation (CNR), as shown here—and could be combined with mul-
tispectral SWIRFI for even further improvement (45). Clinical transla-
tion of the observed CNR increase could enable democratic
dissemination of tumor resection techniques, with nonexperts (as in
this work) being able to perform targeted FGS, with resection ambigu-
ity being simultaneously eliminated for experienced surgeons. The
ability to perform guided resection under ambient lighting via SWIRFI
with minimal disruption to current workflows may aid surgeon uptake
of FGS. The potential for direct clinical translation of these results
has been established via laser intensities within the ANSI limit

FIGURE 5. Ambient lighting resistant extended emission SWIRFI (.1,100nm) of pHLIP ICG in vivo.
(A, top) .1,100nm representative image 1h after pHLIP ICG (300ms, 0.5mg/kg). Gaussian blur has
not been added to 1 h time point images. (A, middle) .1,100 nm image at 96h. Regions of interest
are shown as before. (A, bottom) .1,100 nm SWIRFI resection for complete tumor removal at 96h.
(B) SNR values of .1,100nm (300-ms exposure) and .900nm (10-ms exposure) from all mice at all
time points. Exposures were selected at close to camera saturation at 1 h and then used for all time
points. (C) Tumor CNR values from 24 to 96h from all mice. (D and E) Comparative resection SNR
and CNR values at both .1,100 and .900nm for all mice. SD, mean, and individual replicates
(n 5 3) are shown. a.u. 5 arbitrary units; dotted gray circles 5 quantification regions of interest,
where 1 is system noise (SNR), 2 is tumor values, and 3 is body values (CNR); large dotted gray
oval 5 cropping because of long-pass filter; dotted lines 5 acceptable thresholds (5 dB for SNR,
3dB for CNR); Max5 maximum; solid arrow5 tumor location.
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(,330 mW/cm2; Supplemental Fig. 8). However, this translation will
require a custom SWIRFI device with a smaller footprint than current
preclinical systems, as well as improvements in usability. Such a
device should also be compared with current clinical NIRFI systems.
At the time of writing, no SWIRFI device has received Food and
Drug Administration approval or is routinely deployed clinically, espe-
cially in complex operating room environments. In addition, the LED
setup should be scaled up for ambient lighting.

CONCLUSION

This work validates a pH-sensitive, peptide-based, tumor-targeting
agent conjugated to ICG, which is in clinical trials, for SWIRFI.
pHLIP conjugation to ICG retains both pHLIP’s tumor selective
mechanism and the extended emission of ICG in the SWIR region,
where tissue scattering, absorbance, and autofluorescence are minimal
(Figs. 1, 2, and 5; Supplemental Fig. 12) (24). Accordingly, SWIRFI
was readily performed with minimal to no background interference
from tissue and under ambient lighting conditions. SWIRFI provided
unprecedented CNR and SNR at various exposure times (10–0.1ms)
that are at least 3 and up to 300 times faster than video rate require-
ments (30ms). Combining SWIRFI sensitivity with extended probe
clearance provides unambiguous and binary tumor delineation resistant
to ambient lighting. This work calls for a clinically compatible system
to further assess SWIRFI for clinical FGS. Such a system could pro-
vide video rate FGS under ambient lighting conditions at improved
tissue depth and resolution with high confidence in complete tumor
resection. This may have clinical implications for tumor visualization
through blood pools or in highly optically scattering tissue environ-
ments, for example, brain gliomas or lymphatic mapping (5,22,46).
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KEY POINTS

QUESTION: Does pHLIP ICG, a cancer-targeting agent
currently in clinical trials for FGS, serve as a suitable candidate
for SWIRFI?

PERTINENT FINDINGS: This work compared commercially
available preclinical systems in their optimized ICG detection
modes and found SWIRFI readily outperformed the current NIRFI
gold standard for both depth and sensitivity.

IMPLICATIONS FOR PATIENT CARE: The picomolar sensitivity
of SWIRFI enabled video rate imaging of pHLIP ICG at lengthy
time points (96 h). This resulted in a dramatic improvement in
CNR, providing binary and unambiguous tumor delineation that
was unaffected by ambient light. This work is a direct precedent
for clinical SWIRFI deployment for tumor resection and has
implications for preclinical probe development.
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Preclinical Comparison of the 64Cu- and 68Ga-Labeled
GRPR-Targeted Compounds RM2 and AMTG, as Well as
First-in-Humans [68Ga]Ga-AMTG PET/CT
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Despite the recent success of prostate-specific membrane antigen
(PSMA)–targeted compounds for theranostic use in prostate cancer
(PCa), alternative options for the detection and treatment of PSMA-
negative lesions are needed. We have recently developed a novel
gastrin-releasing peptide receptor (GRPR) ligand with improved
metabolic stability, which might improve diagnostic and therapeutic
efficacy and could be valuable for PSMA-negative PCa patients. Our
aim was to examine its suitability for theranostic use. We performed
a comparative preclinical study on [64Cu]Cu-/[68Ga]Ga-AMTG
([64Cu]Cu-/[68Ga]Ga-a-Me-L-Trp8-RM2) using [64Cu]Cu-/[68Ga]Ga-RM2
([64Cu]Cu-/[68Ga]Ga-DOTA-Pip5-Phe6-Gln7-Trp8-Ala9-Val10-Gly11-His12-
Sta13-Leu14-NH2) as a reference compound and investigated
[68Ga]Ga-AMTG in a proof-of-concept study in a PCa patient.
Methods: Peptides were labeled with 64Cu (80 !C, 1.0M NaOAc, pH
5.50) and 68Ga (90 !C, 0.25M NaOAc, pH 4.50). GRPR affinity (half-
maximal inhibitory concentration, room temperature, 2h) and GRPR-
mediated internalization (37 !C, 60min) were examined on PC-3cells.
Biodistribution studies were performed at 1h after injection in PC-3
tumor–bearing mice. For a first-in-humans application, 173 MBq of
[68Ga]Ga-AMTG were administered intravenously and whole-body
PET/CT scans were acquired at 75min after injection. Results: 64Cu-
and 68Ga-labeling proceeded almost quantitatively (.98%). All com-
pounds revealed similarly high GRPR affinity (half-maximal inhibitory
concentration, 1.5–4.0nM) and high receptor-bound fractions
(79%–84% of cell-associated activity). In vivo, high activity levels (per-
centage injected dose per gram) were found in the PC-3 tumor
(14.1–15.1 %ID/g) and the pancreas (12.6–30.7 %ID/g), whereas further
off-target accumulation was low at 1h after injection, except for ele-
vated liver uptake observed for both 64Cu-labeled compounds. Overall
biodistribution profiles and tumor-to-background ratios were compara-
ble but slightly enhanced for the 68Ga-labeled analogs in most organs.
[68Ga]Ga-AMTG confirmed the favorable pharmacokinetics—as evident
from preclinical studies—in a patient with metastasized castration-
resistant PCa showing intense uptake in several lesions. Conclusion:
AMTG is eligible for theranostic use, as labeling with 64Cu and 68Ga, as

well as 177Lu (known from previous study), does not have a negative
influence on its favorable biodistribution pattern. For this reason, further
clinical evaluation is warranted.

KeyWords:AMTG; first-in-humans; 68Ga; 64Cu; prostate cancer

J Nucl Med 2023; 64:1654–1659
DOI: 10.2967/jnumed.123.265771

Although prostate cancer (PCa) is associated with a high mor-
bidity and mortality in metastasized castration-resistant PCa
(mCRPC) (1), treatment has recently made some progress due to
approval by the U.S. Food and Drug Administration and the Euro-
pean Medicines Agency of radioligand therapy (RLT) targeting
the prostate-specific membrane antigen (PSMA) as a third-line
therapy (2,3). However, in approximately 10%–20% of patients
with recurrent PCa, a sufficiently high PSMA expression either is
not present in PSMA-targeted PET imaging (4,5) or is lost in the
course of subsequent treatment. Indeed, loss of PSMA expression
may reflect aggressive transdifferentiation, a resistance mechanism
to currently available standard therapies (6,7). In these patients, a
PCa-atypical metastatic pattern is frequently observed (especially
with visceral metastasis), whereas the classic adenocarcinoma fea-
tures are often lost. Furthermore, PCa is known to be highly het-
erogeneous (8), which is why alternative compounds for imaging
and RLT of PCa are required.
The gastrin-releasing peptide receptor (GRPR, bombesin-2

receptor) has been shown to be overexpressed in early, but more
importantly in advanced and aggressive, PCa (9,10). Moreover,
PCa patient cohorts that underwent both PSMA and GRPR PET
revealed some metastases that were found only by the PSMA-
targeted compound and others that were detected only by the
GRPR-targeted compound; a complementary role for these targets
in PCa is therefore anticipated (11–14). The GRPR-targeted radio-
pharmaceutical most often clinically applied, [68Ga]Ga-RM2
([68Ga]Ga-DOTA-Pip5-Phe6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Sta13-
Leu14-NH2), displayed favorable biodistribution patterns in humans,
as high activity levels were found only in tumor lesions and the
pancreas (11,15,16). Hence, its 177Lu-labeled analog was used for
RLT in PSMA-negative/GRPR-positive PCa patients, and this ana-
log demonstrated promising dosimetry data (17). However, the lim-
ited metabolic stability of [68Ga]Ga-RM2 has been discussed (18),
being the motivation for our group to develop a RM2 derivative,
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[177Lu]Lu-AMTG ([177Lu]Lu-a-Me-L-Trp8-RM2), which retained
the favorable pharmacokinetics of [68Ga]Ga-/[177Lu]Lu-RM2 but
showed distinctly increased metabolic stability in vivo and could
thus improve therapeutic efficacy (19).
To confirm a sufficient GRPR expression on PCa cells before

GRPR RLT, imaging of preferably PSMA-negative PCa patients
is required first, which is why, with regard to a potential RLT
using [177Lu]Lu-AMTG, it would be advantageous to have a pen-
dant for PET imaging. Due to the presence of a DOTA chelator,
the use of the established theranostic pair 68Ga and 177Lu is well
feasible. Besides 68Ga, 64Cu has recently emerged as an interesting
alternative for PET imaging because of its longer half-life (12.7 h)
and positron energy (Eb1,max, 653 keV), which is similar to the
positron energy of 18F and thus enables a high spatial resolution in
PET despite its low positron decay probability of approximately
17% (20).
Hence, this study aimed to elucidate whether the AMTG peptide,

originally designed for RLT, could also be used for PET imaging
when labeled with either 64Cu or 68Ga. A comparative preclinical
evaluation on [64Cu]Cu-/[68Ga]Ga-AMTG and [64Cu]Cu-/[68Ga]Ga-
RM2 encompassed the determination of GRPR affinity (half-maximal
inhibitory concentration [IC50]) and GRPR-mediated internalization
on PC-3cells, lipophilicity (as evaluated by n-octanol/phosphate-
buffered saline solution distribution coefficient distribution coeffi-
cients at pH 7.4 [logD7.4]), and biodistribution in PC-3 tumor–bearing
mice. Moreover, we selected [68Ga]Ga-AMTG for clinical translation
in a first-in-humans PET/CT examination in a patient with mCRPC.

MATERIALS AND METHODS

Chemical Synthesis and Labeling Procedures
A detailed description of the precursor synthesis is provided in the

supplemental materials (available at http://jnm.snmjournals.org). Puri-
fication was accomplished via reversed-phase high-performance liquid
chromatography (HPLC).

64Cu and 68Ga labeling was performed in analogy to an established
protocol for 177Lu labeling (19). A detailed description of the labeling
procedures is provided in the supplemental materials. [64Cu]CuCl2
was purchased from DSD-Pharma GmbH. [68Ga]GaCl3 was provided
by ITM Isotope Technologies Munich SE. The radiolabeled reference,
3-[125I]I-Tyr6-MJ9 (Supplemental Fig. 1), was prepared according to
reported procedures (19,21). Characterization of all GRPR ligands is
provided in Supplemental Figures 2–4.

The synthesis of [68Ga]Ga-AMTG according to good manufacturing
practices for human PET/CT studies was performed using a good
radiopharmaceutical practice module (Scintomics GmbH) while using an
SC-01 gallium peptide labeling kit (ABX). [68Ga]GaCl3 was obtained
from a GalliaPharm generator (Eckert & Ziegler) and was trapped on a
PS-H1 cartridge (ABX), which was eluted by a sodium chloride solution.
The eluate was transferred in the reactor containing the AMTG precursor
and the 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer. The solution was heated and afterward transferred to a Sep-Pak
C18 Light cartridge (Waters) for purification. After washing with water,
the cartridge was eluted with ethanol and the solution was diluted with
phosphate-buffered saline. The Cathivex-GV (Merck KGaA) was used as
a sterile filter after the synthesis. Quality control included an instant thin-
layer chromatography silica gel scan (NH4OAc/MeOH; Agilent), as well
as an HPLC measurement against the corresponding reference com-
pound, [natGa]Ga-AMTG. Compliance with the HEPES limit was
determined by a spot test. Furthermore, a sterile filter integrity test, a
limulus amebocyte lysate test, and a postapplication sterility test were

performed. The ethanol concentration was measured by gas chromatogra-
phy analysis.

In Vitro Experiments
All in vitro experiments (IC50 and logD7.4) were performed accord-

ing to a previously published procedure (19). A detailed description is
provided in the supplemental materials.

In Vivo Experiments
Animal Experiments. All animal experiments were conducted

according to a previously published protocol (19) and in accordance
with general animal welfare regulations in Germany (German animal
protection act, in the edition of the announcement dated May 18, 2006,
as amended by article 280 of June 19, 2020, approval ROB-55.2-1-
2532.Vet_02-18-109 by the General Administration of Upper Bavaria)
and the institutional guidelines for the care and use of animals. Exclu-
sion criteria for animals from an experiment were weight loss of more
than 20%, a tumor size of more than 1,500 mm3, ulceration of the
tumor, respiratory distress, or a change in behavior. None of these crite-
ria applied to any animal from the experiment. Neither randomization
nor masking was applied in the allocation of the experiments. The health
status of the animals was specific pathogen-free according to the recom-
mendation of the Federation of European Laboratory Animal Science
Associations. The study was performed in compliance with the ARRIVE
guidelines (Animal Research: Reporting of In Vivo Experiments).

For biodistribution studies, approximately 2–4 MBq (100 pmol,
150mL) of the 64Cu-/68Ga-labeled GRPR ligand were injected into the
tail vein of anesthetized (2% isoflurane) 2- to 3-mo-old female PC-3
tumor–bearing CB17-SCID mice (n 5 4). Organs were removed and
weighed, and radioactivity was measured in a g-counter (Perkin
Elmer) after euthanasia at 1 h after injection.

Acquired data were statistically analyzed via a Student t-test via
Excel (Microsoft Corp.) and OriginPro software (version 9.7) from
OriginLab Corp. Acquired P values of less than 0.05 were considered
statistically significant.
PET/CT in Patient. [68Ga]Ga-AMTG was applied as an individual

medical diagnostic test in a 72-y-old patient with advanced-stage
mCRPC for whom no other diagnostic or therapeutic options were
available. This use is allowed by the German Medical Act (§13 2b
Arzneimittelgesetz), which waives the need for institutional review
board approval. The legal and ethical compliance of this approach has
recently been reviewed by the local ethics committee in the context of
requesting approval for retrospective evaluation of therapy data
obtained in this way (Ethics Committee at Rostock University, file no.
A 2018-0240). The patient gave written informed consent after receiv-
ing comprehensive medical information from a board-certified nuclear
medicine physician. The anonymized analyses were performed in
accordance with the Declaration of Helsinki and its later amendments
and with the legal considerations of clinical guidelines.

A detailed description of the patient’s history is provided in the sup-
plemental materials. The patient underwent [68Ga]Ga-AMTG whole-
body PET/CT using a Gemini TF 16 (Philips Healthcare) at 75min
after injection of 173 MBq of [68Ga]Ga-AMTG. Whole-body CT
imaging was performed as auxiliary CT (120 kVp, 40 mAs). PET
datasets were reconstructed using the blob ordered-subsets time-of-
flight protocol (3 iterations, 31 subsets), corrected for randoms, scatter,
decay, and attenuation (using whole-body auxiliary CT).

RESULTS

Synthesis and Radiolabeling
Manual synthesis of RM2 and AMTG yielded 14% and 12%

labeling precursor, respectively, after purification by reversed-phase
HPLC (chemical purity . 98%, determined by reversed-phase
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HPLC at l 5 220 nm). Complexation of all ligands with a 2.5-fold
excess of [natGa]Ga(NO3)3 and [natCu]CuCl2 each resulted in
quantitative yields. The radiolabeled reference, 3-[125I]I-Tyr6-MJ9,
was produced in a radiochemical yield and purity of 29% and
more than 98%, respectively, after reversed-phase HPLC purifica-
tion. Both 64Cu- and 68Ga-labeling was performed manually,
each resulting in radiochemical yields and purities of more than
98% as well as molar activities of 556 4 GBq/mmol (decay-cor-
rected) and 356 3 GBq/mmol (decay-corrected). Both 64Cu- and
68Ga-labeled RM2, as well as AMTG, were used without further
purification.
The synthesized batch used for the patient yielded 409 MBq

($56% non–decay-corrected). All specifications were fulfilled.
The pH of the 16mL of solution was 7. The reference compound
and the radiolabeled product displayed the same HPLC retention
times. The radiochemical purity determined by HPLC was 98.7%,
and the content of unbound [68Ga]Ga-species was less than 0.3%.
Thin-layer chromatography measurement was in line with less
than 0.5% of unbound [68Ga]Ga31.

In Vitro Characterization
The natCu- and natGa-labeled compounds exhibited high GRPR

affinity on PC-3 cells, with IC50 values in the range of 1.5–4.0 nM
(Fig. 1A; Supplemental Table 1; Supplemental Fig. 5). Although
overall internalization was low for all GRPR ligands, the more
affine 68Ga-labeled compounds were internalized significantly
higher within 1 h by PC-3 cells than were their 64Cu-labeled coun-
terparts (P , 0.04, Fig. 1B). It was evident for all analogs that a
higher GRPR affinity led to increased internalized (Fig. 2A), as
well as receptor-bound noninternalized, fractions (Fig. 2B), which
is why the ratio of receptor-bound to internalized fraction was
nearly constant, regardless of their GRPR affinity (Fig. 2C).
LogD7.4 was similar for all compounds (Fig. 1C). However, the
68Ga-labeled ligands exhibited significantly lower lipophilicity
than their 64Cu-labeled analogs (P , 0.01).

In Vivo Characterization
In vivo studies on PC-3 tumor–bearing mice at 1 h after

injection (Fig. 3; Supplemental Table 2) revealed favorable biodis-
tribution profiles with similarly low off-target accumulation for
64Cu- and 68Ga-labeled RM2 and AMTG in most organs.
Although the highest uptake values were determined for all deriva-
tives in the tumor (14.1%–15.1% injected dose per gram [%ID/g])
and the pancreas (12.6–30.7 %ID/g), significantly increased accu-
mulation was observed for the 64Cu-labeled analogs in the heart
and the lung as compared with their 68Ga-labeled counterparts
(P , 0.003). Moreover, activity levels in the liver were distinctly
enhanced for the 64Cu-labeled compounds (P , 0.001). Uptake
values were elevated in the pancreas for the 68Ga-labeled analogs
as compared with the 64Cu-labeled analogs (P , 0.05). Accumula-
tion in the adrenals was significantly higher for [64Cu]Cu-/
[68Ga]Ga-AMTG than for [64Cu]Cu-/[68Ga]Ga-RM2 (P , 0.03)
yet was on a very low level (1.9–2.8 vs. 1.0–1.1 %ID/g).
In general, tumor-to-background (T/B) ratios for the 68Ga-

labeled compounds were higher than for the 64Cu-labeled deriva-
tives (Fig. 4; Supplemental Table 3). Both [64Cu]Cu-AMTG and
[64Cu]Cu-RM2 showed similar T/B ratios, except in the adrenals
and kidneys, in which the ratio for the latter was slightly higher.
Although [68Ga]Ga-AMTG displayed enhanced T/B ratios in the
muscle and the bone, [68Ga]Ga-RM2 demonstrated higher T/B
ratios in the spleen, the liver, and the adrenals. Because overall
biodistribution patterns were comparable for both 68Ga-labeled
GRPR ligands, and [68Ga]Ga-RM2 had already been applied in
clinical studies, we selected [68Ga]Ga-AMTG for PET imaging in
a first-in-humans application.

Proof-of-Concept Study in Patient
[68Ga]Ga-AMTG PET showed a favorable biodistribution, with

uptake being highest in tumor lesions and the pancreas. Besides the
bladder (because of excretion), no significant activity levels were
found in other organs. One month previously, the patient had under-

gone [18F]F-PSMA-1007 PET/CT, which
showed only 1 subphrenic lesion with low
[18F]F-PSMA-1007 uptake (Fig. 5A; Sup-
plemental Fig. 7). On [68Ga]Ga-AMTG
PET/CT, multiple lesions with intense focal
uptake could be detected in the peritoneum,
the subphrenic area adjacent to the liver,
and between the left internal and external
iliac arteries; these [68Ga]Ga-AMTG–posi-
tive findings corresponded to soft-tissue
lesions that were visualized on CT (Fig. 5B;
Supplemental Fig. 7).

DISCUSSION

Based on the need for treatment options
for PSMA-negative PCa patients, alternative
targets such as the GRPR may become more
relevant. We recently developed [177Lu]Lu-
AMTG, an RM2 derivative with noticeably
increased metabolic stability in vivo (19),
initially for an improved GRPR RLT.
Because we additionally wanted to explore
its potential for PET imaging, we performed
a preclinical study on [64Cu]Cu-/[68Ga]Ga-
AMTG and a first-in-humans application
using [68Ga]Ga-AMTG.

FIGURE 1. In vitro data of [nat/64Cu]Cu-RM2 (orange), [nat/68Ga]Ga-RM2 (red), [nat/64Cu]Cu-AMTG
(blue), and [nat/68Ga]Ga-AMTG (green). Data are expressed as mean 6 SD. (A) Affinity data on
PC-3cells (1.53 105 cells/mL/well) using 3-[125I]I-Tyr6-MJ9 (0.2nM/well) as radiolabeled reference
(2h, room temperature, Hanks balanced salt solution plus 1% bovine serum albumin, v/v). (B) GRPR-
mediated internalization (1.0nM/well) on PC-3cells as percentage of applied activity (incubation
at 37 !C for 1h, Dulbecco modified Eagle medium/F-12 plus 5% bovine serum albumin [v/v],
1.53 105 cells/mL/well). Data are corrected for nonspecific binding (1023 M [natLu]Lu-RM2).
(C) LogD7.4. *P, 0.05.
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Synthesis of the precursors was easily accessible via solid-phase
peptide synthesis, and complexation with nat/64Cu and nat/68Ga pro-
ceeded quantitatively. The natCu- and natGa-labeled compounds
were not purified before affinity studies, as we could show in a
previous study that an excess of ions, such as Lu31, did not have
any influence on GRPR affinity (19). Because of their structural
similarity, all 4 compounds revealed comparably high GRPR affin-
ity (IC50, 1.5–4.0 nM), which met or even surpassed the values of
their nat/177Lu-labeled counterparts (IC50, 3.0–3.5 nM) (19). The
high receptor-bound fractions (79%–84% of cell-associated activ-
ity) found for all 4 analogs corroborated well with the values
determined for [177Lu]Lu-AMTG/RM2 (19) and are generally
expected for antagonists (22). The logD7.4 of the 4 compounds
was in a range (22.6 to 22.2) comparable to that of the previ-
ously published 177Lu-labeled analogs (19).
Because we could show that a change in the radionuclide (64Cu

and 68Ga instead of 177Lu) had minimal impact on in vitro para-
meters, we expected in vivo properties similar to those of the previ-
ously reported [177Lu]Lu-AMTG/RM2 (19). Indeed, the overall
biodistribution profiles of [64Cu]Cu-/[68Ga]Ga-AMTG and
[64Cu]Cu-/[68Ga]Ga-RM2 at 1 h after injection displayed high
activity levels in the tumor and pancreas, whereas further off-target
accumulation was either low or cleared rapidly within the first hour

after injection. An exception was the liver, which revealed
increased activity levels for the 64Cu-labeled compounds as com-
pared with the 68Ga-labeled compounds. This increase was
expected, since there are reports on the insufficient in vivo stability
of the Cu-DOTA chelate (23–25), which led to a significant
removal of 64Cu from the DOTA chelator via transchelation to the
superoxide dismutase in the liver and storage of free 64Cu21 ions in
hepatocytes by metallothionein 1 and 2 (26). The instability of the
64Cu-DOTA chelate could also explain the generally decreased T/B
ratios of the 64Cu-labeled ligands as compared with the 68Ga-
labeled ligands because of the thus higher off-target accumulation
in most organs at 1 h after injection.
However, the high in vivo instability of the Cu-DOTA chelate in

mice cannot be directly transferred to the human situation, because
metabolism between these species is noticeably different. For
example, high activity levels ($6 %ID/g) were found in the murine
liver at 1 h after injection of [64Cu]Cu-DOTATATE (25), whereas
in humans slightly elevated activity levels observed in the liver did
not hamper the detection of a variety of liver metastases (27–29).
Dosimetry studies on [64Cu]Cu-DOTATATE in 5 patients revealed
that the dose delivered to the liver was similar to that delivered to
the kidneys (0.161 vs. 0.139Gy/GBq) (27), and this dose is indeed
2- to 4-fold higher than for [68Ga]Ga-DOTATATE (0.045 and

0.092 Sv/GBq, respectively) but does not
affect its clinical use (30).
[68Ga]Ga-AMTG (100pmol, CB17-SCID

mice) displayed a similar biodistribution pro-
file (Supplemental Fig. 6) and thus com-
parable T/B ratios in most organs to the
clinical standard for PET imaging of GRPR-
expressing malignancies, [68Ga]Ga-RM2
(10pmol, NMRI nu/nu-mice, data taken
from Mansi et al. (31)). The comparison of
these 2 tracers is a limitation of this study,
as biodistribution studies of [68Ga]Ga-RM2
have been performed by another group
using different mouse models and precursor
amounts than we did for [68Ga]Ga-AMTG.
Because preclinical data, particularly overall
pharmacokinetics, were mainly comparable
for [64Cu]Cu-/[68Ga]Ga-AMTG and [64Cu]
Cu-/[68Ga]Ga-RM2, both AMTG derivatives
appear to be promising candidates for clini-
cal translation. Although [68Ga]Ga-AMTG

FIGURE 2. Internalization data of [64Cu]Cu-RM2, [64Cu]Cu-AMTG, [68Ga]Ga-RM2, and [68Ga]Ga-AMTG. Data are expressed as mean 6 SD. (A) Ratio
of IC50 and internalized fraction. (B) Ratio of IC50 and receptor-bound, noninternalized fraction. (C) Ratio of internalized and receptor-bound, noninterna-
lized fraction.

FIGURE 3. Biodistribution data of [64Cu]Cu-RM2, [64Cu]Cu-AMTG, [68Ga]Ga-RM2, and [68Ga]Ga-
AMTG in selected organs at 1 h after injection in PC-3 tumor–bearing CB17-SCID mice (100pmol
each). Data are expressed as %ID/g, mean 6 SD (n 5 4). *P , 0.05. **10pmol, NMRI nu/nu-mice,
data taken from Mansi et al. (31). Statistical comparison with regard to [68Ga]Ga-RM2 not applicable.
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was selected for a first-in-humans investigation in a PCa patient,
64Cu-labeled compounds might be superior to 68Ga-labeled com-
pounds in the future because of the longer half-life of 64Cu (12.7 vs.
67.6min), which would enable PET imaging over an extended time
span. In addition, its lower positron energy (Eb1,max, 653 vs.
1,899keV) allows for a higher resolution in PET (20). However, it
remains to be seen whether the low positron decay probability of
64Cu generates some drawbacks for PET imaging, such as with
regard to counting statistics. Moreover, the current availability of
68Ga (generator) is a significant advantage over 64Cu (cyclotron).
For a first-in-humans application, good-manufacturing-practice

synthesis of [68Ga]Ga-AMTG was achieved within 36min, yielded
409 MBq ($56% non–decay-corrected), and fulfilled all specifica-
tions (clear and particle-free solution, pH 7, radiochemical purity

. 98%, unbound [68Ga]Ga31 # 0.5%, HEPES limit, ethanol con-
centration, endotoxin limit, filter integrity).
[68Ga]Ga-AMTG revealed a favorable biodistribution in a

PET/CT scan of an mCRPC patient at 75min after injection, with
high uptake in tumor lesions and the pancreas, whereas further
off-target accumulation was low. Moreover, [68Ga]Ga-AMTG
PET/CT revealed distinctly more lesions and increased SUVs
than [18F]F-PSMA-1007 in this mCRPC patient. An epithelial–
mesenchymal transition is expected in PCa after several treatment
lines including PSMA-targeted RLT (32), can lead to a loss of
PSMA expression, and thus requires alternative treatment options.
For such patients, GRPR-targeted compounds could offer an
alternative option for imaging and RLT. The feasibility of
[68Ga]Ga-AMTG for such cases has been shown for only 1 patient
to date—a limitation of this study and why further clinical evalua-
tion has to be performed to confirm this promising preliminary
result. Because [68Ga]Ga-AMTG PET did not display noticeable
uptake in organs other than the pancreas, and because pancreatic
clearance is known to occur within the first hours after injection,
this could open new possibilities for treatment of PCa, provided
that GRPR expression is sufficient. Moreover, unlike PSMA inhib-
itors, GRPR-targeted compounds do not accumulate in the
salivary glands and the kidneys, among others, which is why the
use of 90Y or a-particle–emitting radionuclides likely causes less
severe side effects.

CONCLUSION

Both [64Cu]Cu- and [68Ga]Ga-AMTG revealed excellent
preclinical data and might be valuable tools for PET imaging of
PSMA-negative PCa in progressed disease stages, as well as
in other cancer types such as breast cancer and glioblastoma
multiforme. A first-in-humans examination in an mCRPC patient
displayed favorable biodistribution patterns and did not show any
biosafety issues or significant differences from the clinically
established reference, [68Ga]Ga-RM2. [68Ga]Ga-AMTG PET/CT
identified noticeably more lesions than [18F]F-PSMA-1007, likely
due to an aggressive transdifferentiation of PCa and, thus, limited
PSMA expression. Because an enhanced in vivo stability was
observed in previous studies for the AMTG peptide, an improved

RLT might be achievable in these patients,
rendering this peptide a valuable theranos-
tic tool. Further patient studies will eluci-
date whether these promising results are
reflected on a broader scale.
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FIGURE 4. Graphical comparison of T/B ratios for selected organs for
[64Cu]Cu-RM2, [64Cu]Cu-AMTG, [68Ga]Ga-RM2, and [68Ga]Ga-AMTG.
Biodistribution studies were performed at 1h after injection in PC-3
tumor–bearing CB17-SCID mice (100pmol each). Data are expressed
as mean 6 SD (n 5 4). *10pmol, NMRI nu/nu-mice, data taken from
Mansi et al. (31)

FIGURE 5. Patient with mCRPC after 4 cycles of [177Lu]Lu-PSMA-617 RLT, with multiple small
perihepatic and abdominal lymph node metastases that currently show no or only faint uptake
on [18F]F-PSMA-1007 PET/CT. (A) Left: PET maximum-intensity projection. Upper right: transaxial
[18F]F-PSMA-1007 PET. Middle right: transaxial fused PET/CT. Lower right: transaxial CT but
intense uptake on [68Ga]Ga-AMTG PET/CT. (B) Right: PET maximum-intensity projection. Upper left:
transaxial [68Ga]Ga-AMTG PET. Middle left: transaxial fused PET/CT. Lower left: transaxial CT.
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KEY POINTS

QUESTION: Is the metabolically more stable peptide AMTG (as
compared with RM2)—particularly designed for an improved RLT
of GRPR-expression malignancies—also an option for imaging
applying 64Cu or 68Ga?

PERTINENT FINDINGS: [64Cu]Cu-/[68Ga]Ga-AMTG and
[64Cu]Cu-/[68Ga]Ga-RM2 displayed comparable pharmacokinetics
preclinically, and [68Ga]Ga-AMTG clinically, to those of the often
used [68Ga]Ga-RM2, rendering the AMTG peptide a promising
theranostic tool for PET imaging and RLT.

IMPLICATIONS FOR PATIENT CARE: Although the clinical value
of [64Cu]Cu- and [68Ga]Ga-AMTG (and [177Lu]Lu-AMTG) has to be
further elucidated, this study might pave the way for clinical use of
an improved theranostic peptide and, thus, patient care.
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I L L U S T R A T E D P O S T

[68Ga]Ga-FAPI-46 PET for Visualization of Postinfarction
Renal Fibrosis

Lena M. Unterrainer1,2, Anthony E. Sisk, Jr.3, Johannes Czernin1, Brian M. Shuch4, Jeremie Calais*1, and
Masatoshi Hotta*1,5

1Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, David Geffen School of
Medicine, UCLA, Los Angeles, California; 2Department of Nuclear Medicine, University Hospital, LMU Munich, Munich, Germany;
3Department of Pathology, David Geffen School of Medicine, UCLA, Los Angeles, California; 4Department of Urology, UCLA,
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Medicine, Tokyo, Japan

Fibroblast activation protein (FAP)–targeted PET imaging is
promising for cancers with a high content of cancer-associated fibro-
blasts (1,2). However, FAP is also expressed by activated fibroblasts
involved in multiple fibroinflammatory nononcologic conditions.
FAP is involved in remodeling processes by stimulating fibrosis and
extracellular matrix remodeling after an infarction. After myocardial
infarction, FAP inhibitor (FAPI) PET imaging can show the acti-
vated fibroblasts (3) in the territory of the occluded coronary artery
(4). In the early stage of renal fibrosis, fibroblasts accumulate in the
renal parenchyma. Preliminary experience with FAPI PET quantifi-
cation of renal fibrosis has been reported (5).
Here, we report the case of an 83-y-old man with clear cell renal

cell carcinoma of the left kidney with gross hematuria requiring
blood transfusions and an emergency embolization of the left renal
artery (Fig. 1). Subsequently nephrectomy was planned, and the
patient preoperatively underwent both [18F]FDG (26 d after embo-
lization) and [68Ga]Ga-FAPI-46 PET/CT (67 d after embolization)
as part of the exploratory study (NCT04147494), which was
approved by the institutional review board. The primary tumor had
a slight hypermetabolism at its periphery ([18F]FDG SUVmax, 5.9)
without increased FAP uptake (FAPI SUVmax, 2.0). [68Ga]Ga-
FAPI-46 PET/CT showed increased uptake in the embolization
area in the lower-pole left kidney parenchyma (SUVmax, 4.1 vs. 1.7
in the normal parenchyma). [18F]FDG PET/CT showed signi-
ficantly decreased uptake at the infarction site (SUVmax, 1.9 vs.
4.8 in the normal parenchyma). The FAP immunohistochemistry

staining performed on the nephrectomy tissue showed an increased
FAP expression in the ischemic areas that included reactive fibro-
blasts, whereas the primary tumor had no significant FAP expres-
sion. The corresponding hematoxylin and eosin staining showed
the ischemic stromal cells and adjacent tumor. Our findings suggest
that [68Ga]Ga-FAPI-46 PET/CT molecular imaging can show FAP
expression in fibrotic renal tissue and may represent a valuable bio-
marker for remodeling processes after infarction of the kidney.
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FIGURE 1. (Row 1) Preembolization angiography with contrast extravasation of lower branch of
left renal artery and tumor-associated neovasculature (left panel, circle) and postembolization angi-
ography showing occlusion of arterial vessels (right panel, circle). (Rows 2 and 3, from left to right)
Maximum-intensity-projection, CT, PET, and PET/CT images obtained with [68Ga]Ga-FAPI-46 and
[18F]FDG. Blue arrows denote primary tumor, and red arrows denote embolization area. (Row 4)
Immunohistochemistry staining (left panel) and hematoxylin and eosin staining (right panel) (scale
bars5 25mm).
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L E T T E R S T O T H E E D I T O R

Not All Gatekeepers Are Theranostics

TO THE EDITOR: Sometimes we need to challenge the views of
colleagues and friends, especially when their thinking has the effect
of muddying the waters rather than providing greater insight and
clarity. I believe this to be the case with the opinion piece by Weber
et al. in the May 2023 issue of the journal (1).
The authors seek to redefine the term theranostic. They assert that

this is any molecular imaging probe that provides actionable infor-
mation for any subsequent therapeutic. This includes medical thera-
pies, radiation therapy, surgery, or cell therapies.
I believe that, in doing so, they are losing the very essence of what

a theranostic is.
I agree with the authors that the therapeutic component of a thera-

nostic pair need not be a radionuclide therapy, but I contend that it
mustbe the same(oravery similar)moleculeormoiety. It couldbecar-
rying a toxic therapeutic or it may be an antibody that targets a protein
(e.g., amyloid in the brain), but it has to be the same targeting moiety.
What the authors of this article are referring to as a theranostic imag-

ing probe when used with a range of other therapies is more accurately
described by the term gatekeeper or companion diagnostic. The imag-
ing study validates the use of a certain therapeutic approach: this is not
theranostics but simply a good use of medical imaging. The authors
surely would not contend that a ventilation–perfusion lung scan dem-
onstrating a pulmonary embolism that was subsequently treated with
anticoagulation was a theranostic approach.
Definitions are important and help us to describe and conceptual-

ize the strategy chosen to diagnose and treat diseases. Seeking to
dilute the definition of a theranostic in the way the authors have
done will have the effect of confusing the basis of the concept and
will be unhelpful. The theranostic approach is an extremely powerful
one and should be amajor focus of future developments inmolecular
imaging and therapy. We need to keep the concepts clear and appre-
ciate the differences between gatekeeper and theranostic
approaches. They are both very important, but they are not the
same. Not all gatekeepers are theranostics.
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REPLY:We very much would like to thank Dr. Bailey for his valu-
able comments, which give us the opportunity to further explain our
definition of theranostics.

Dr. Bailey writes that a meaningful definition of theranostics
requires that the targeting moiety be the same or very similar for the
imaging agent and the therapeutic agent. We are not sure if this is a
reasonable requirement. For example, amyloid imaging agents are
small molecules, whereas the therapeutics are full-size antibodies.
Nevertheless, the identical molecular target is addressed, and the use
of amyloid PET imaging to select patients for amyloid antibody ther-
apy seems to be a perfect example of a theranostic approach. Con-
versely, minor chemical changes in a peptide can fundamentally
alter its binding affinities. For example, somatostatin receptor antag-
onists are highly sensitive to N-terminal modifications of the peptide
chain. As a consequence, the somatostatin receptor antagonist DOTA-
JR11 has amore than 10-fold lower binding affinity when labeled with
68Ga than when labeled with 177Lu (1). Consequently, the combina-
tion of 68Ga-DOTA-JR11/177Lu-DOTA-JR11 is not an ideal theranos-
tic pair (2). A better companion diagnostic for 177Lu-DOTA-JR11 is
68Ga-NODAGA-JR11, that is, a compound that is chemically less sim-
ilar to 177Lu-DOTA-JR11 than is 68Ga-DOTA-JR11 (3).
Because similar moleculesmay be poor theranostic pairs and very

different molecules may be excellent theranostic pairs, we do not
think that the definition of theranostic agents should require that
the imaging agent and the therapeutic agent be identical or very sim-
ilar. A better definition may be that the imaging agent and the diag-
nostic agent have an identical target.
Onecanhavedifferentopinionson thequestionofwhether thedefini-

tionof theranostic imaging shouldbemadeevenwider.Wehave argued
inour article that thedefinition shouldbebroad, especially for thedevel-
opmentofnewimagingagents. Imagingagents thatarecompaniondiag-
nosticsforaspecifictherapyhaveaclearpathforregulatoryapprovaland
reimbursementbecause theyhaveanobvious impactonpatientmanage-
ment.Whether one should use the term theranostic or companion diag-
nostic for this use of imaging can be debated. We would prefer
theranostic because the term companion diagnostic is already broadly
used for blood- or tissue-based biomarkers.
However, wewould caution on use of the term gatekeeper to refer

to theranostics or companion diagnostics. In fact, we believe that a
theranostic imaging agent is the opposite of a gatekeeper—which
limits therapeutic options—but rather is a facilitator that creates
new opportunities to treat patients. In other words, no theranostic
is a gatekeeper. We of course realize that this is often a matter of per-
spective: a theranostic agent that images the expression of a target for
radiopharmaceutical therapy can be seen as a test that facilitates this
therapy or as a gatekeeper that prevents an ineffective therapy in a
patient who does not express the target. However, in other instances
theranostic imaging clearly enables new therapies, for example, by
detecting the site of recurrence in a patient with an elevated tumor
marker. Therefore, we believe that theranostic imaging should be
viewed as a facilitator, not a gatekeeper.
In conclusion, we appreciate the opportunity to further clarify our

definition of theranostics and would maintain that theranostics is “a
combination of imaging and therapy in which imaging provides
actionable information that enables new or more effective
therapies.” (4)
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Potential of 188Re as an Alternative to 177Lu and
Dosimetric Consequences

TO THE EDITOR: We read with interest the article “PSMA-
GCK01: A Generator-Based 99mTc/188Re Theranostic Ligand for
the Prostate-Specific Membrane Antigen” in The Journal of Nuclear
Medicine (1). It is noteworthy that kidney accumulation of 188Re-
PSMA-GCK01 in LNCaP tumor–bearing mice was found to be
14 times higher than tumor uptake 1 h after injection and 9 times
higher 2 h after injection (1).
It is worthwhile to investigate 188Re as an alternative to 177Lu,

because accredited 177Lu radiopharmaceuticals are available and
the amount of 177Lu is limited. Further alternatives such as 161Tb
(2) or 67Cu (3) are moving into the focus of clinical research and
could have even better therapeutic properties because of the
coemission of Auger–Meitner electrons.
However, the kidney geometry in small animals is not representa-

tive for humans regarding geometry and pathlengths of the
b-emission. Recently, Vargas et al. presented a method to under-
stand the heterogeneity of absorbed doses in the kidneys of mice
(4). In humans, the heterogeneity of absorbed doses in, for example,
kidneys is crucial for the application of therapeutic radiopharma-
ceuticals (5). Hence, studies in pigs (single kidney weight, 125 g
for pig vs. 150 g for human) may be required. Further, most patients
currently receive radionuclide therapy as the last line of treatment
after previous hormone and chemotherapy, so that bone marrow
and kidney function may already be predamaged. This effect, too,
can neither be simulated nor reproduced in animal experiments but
requires clinical testing.
In our own efforts on 188Re-PSMAderivatives, we found that bio-

kinetics must be considered in terms of the physical half-life of the
applied isotopes: at 17 h (188Re) versus 6.6 d (177Lu), the initial
phase is more significant for 188Re, and this is the phase with the
greatest renal accumulation or excretion. Dosimetric calculations
for 177Lu-PSMA by Kurth et al. revealed kidney doses between
2.9 and 3.7Gy, depending on the therapeutic cycle (6). On the basis

of the effective half-lives for the kidneys that were reported, we cal-
culated the biologic half-life for PSMA in the kidneys.We identified
the expected effective half-life for 188Re-PSMA by assuming a bio-
distribution identical to that for 177Lu-PSMA and using the physical
half-life for 188Re. The calculated number of 188Re decay in the kid-
neys was found to be approximately 66% lower than that of 177Lu-
PSMA decay. Nevertheless, the S value, S(kidney kidney), for
188Re is 5 times higher than that for 177Lu. This means that the
dose to the kidney is expected to be 1.7 times higher when using
the same activity for 188Re-PSMA as for 177Lu-PSMA. The dose
would be even higher when the initial kidney biokinetic is consid-
ered more accurately by assuming a linear accumulation within
the first 2 h (6).
Furthermore, radiation biology must be considered, as higher

activity levels must be used to achieve the same dose because of
the shorter half-life of 188Re. The authors used the same activity
of 188Re-PSMA and 177Lu-PSMA (3.7 GBq) (1). Assuming an iden-
tical tumor uptake in a lesion with a mass of 10g, the absorbed dose of
188Re will be only 51% of the absorbed dose of 177Lu. Hence, in ther-
apeutic applications, the activity of 188Re must be twice the activity
of 177Lu to achieve the same tumor dose. Furthermore, the various
effective half-lives must be considered with respect to cellular repair
mechanisms. The biologically effective dose is expected to be about
25% higher from 188Re than from 177Lu for equal absorbed doses. In
conclusion, it is necessary to consider the dosimetric consequences
carefully when replacing 177Lu with 188Re as mentioned above.
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REPLY: In our recent publication about the preclinical development
and clinical translation of 99mTc- and 188Re-PSMA-GCK01, we con-
sciouslywithheld the presentation of dosimetry estimates, despite hav-
ing serial planar images of patients available (1). One reason is the
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limited quantitative accuracy of dosimetry based on planar scans. A
SPECT/CT-based dosimetry study is already in preparation. Conse-
quently, we saw no need to report preliminary results, which soon
will become obsolete anyway. The other reason is the challenging
interpretation of dosimetry data in predicting clinical consequences
of systemic radioligand therapy. The latter issue is now addressed
by Pretze et al., who mention various physical and radiation biologic
aspects of this theme. We appreciate receiving such an instructive let-
ter, stimulating a fruitful academic discussion.
First, Pretze et al. mention further radionuclides that could serve as

alternatives to 177Lu. Indeed, the amount of 176Yb that is needed for the
production of high-specific-activity 177Lu without 177mLu impurities
(half-life, 161 d) is limited. Consequently, the costs for producing
no-carrier-added 177Lu are relatively high. Routine availability of
161Tb and 67Cu is currently even worse than for 177Lu. In contrast,
188Re is readily available from a well-established generator system
and, if generators are eluted regularly, converts it into reduced radionu-
clide costs by approximately a power of 10. The current shortage of
177Lu-PSMA-617 in the United States (Pluvicto from Novartis has
been on the Food and Drug Administration’s shortage list since March
7, 2023) illustrates the logistic challenges of airfreight delivery even
between well-developed countries. In regions with a lower airport den-
sity, just-in-time delivery of 177Lu (half-life, 6.7 d) radiopharmaceuti-
cals is likely an illusion, and the same applies to 161Tb (half-life, 6.9 d)
and 67Cu (half-life, 2.6 d). Hence, the 70-d half-life of the 188W/188Re
generator is the most reasonable option to have local access to PSMA
radioligand therapy at all.
Next, the letter addresses the challenge of projecting absorbed

doses based on small-animal studies to human beings. Hence, stud-
ies in pigs would be required. However, beyond radiation geometry,
the specific expression of PSMA in the proximal kidney tubules has
to be considered. A study comparing human PSMA with its rat and
pig orthologs exhibits different glutamate carboxypeptidase II
expression levels among the species studied (2). Therefore, we con-
sidered the theranostic approach a more responsible way to continue
clinical development; that is, innocuous 99mTc-PSMA-GCK01
imaging will be used to extrapolate the dosimetry of 188Re-
PSMA-GCK01 therapy in men.
Pretze et al. estimated that the same activities of 188Re-PSMA may

convert into a 1.7 times higher kidney dose but only a 51% absorbed
dose to tumors with a mass of 10g when compared with 177Lu-
PSMA-617. This is not too much away from our own preliminary
approximation. However, because of its higher b-energy, 188Re theo-
retically performs better against larger tumor lesions (23–32mm)
than does 177Lu (3). In a tumor model that is very similar to the typical
clustered PSMA expression pattern in prostate cancer, the increased
cross-fire effect of 188Re improved its intercluster microdosimetry
(4). Pretze et al. emphasized that the antitumor activity of 188Re-
PSMA could be about 25% higher than identical absorbed doses deliv-
ered by 177Lu when dose-rate effects are considered. However, it is
worth mentioning that the biologically effective dose concept, which
is based on the linear-quadratic model, was developed for external-
beam radiotherapy, but its appropriateness for radioligand therapy still
needs confirmation.
In summary, considering the dosimetric consequences of replac-

ing 177Lu with 188Re may not be enough because there are no vali-
dated tools to simulate the radiation biologic consequences. Even
if physical absorbed doses—1 surrogate for the therapeutic index of
a radiopharmaceutical—may be lower than for 177Lu-PSMA-617,

we consider it warranted to assess the antitumor activity of 188Re-
PSMA-GCK01 using a patient-related endpoint, for example,
prostate-specific antigen response in a clinical trial.
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Response to “Critique and Discussion of
‘Multicenter Evaluation of Frequency and Impact
of Activity Infiltration in PET Imaging, Including
Microscale Modeling of Skin-Absorbed Dose’”

TO THE EDITOR: We read with interest a recent commentary
printed in Frontiers in Nuclear Medicine entitled “Critique and Dis-
cussion of ‘Multicenter Evaluation of Frequency and Impact
of Activity Infiltration in PET Imaging, Including Microscale
Modeling of Skin-Absorbed Dose’” (1) that took issue with the sci-
ence presented in our recent publication in The Journal of Nuclear
Medicine (2). We felt that a reply was in order, as although several
relevant points were made, other criticisms appear to be unfounded
or based on false assumptions.
The first clarification is the insinuation that the Society of Nuclear

Medicine and Molecular Imaging “fostered” the work presented in
the article. This is categorically not the case. The experimental
idea, design, and execution was neither funded, suggested, coerced,
nor otherwise influenced by the society or society leadership beyond
expressing an interest that the research be published. Project design
and leadershipwere primarily from the lead author. Coauthors on the
paper were just that—significant active scientific and experimental
contributors to the work.
The second clarification relates to the unjustified statement that

the paper’s conclusions started with an assumption that diagnostic
radiopharmaceutical infiltrations are not a concern. To the contrary,
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safety concerns were the primary justification for initiation of our
study. After hearing about alleged 15%–20% infiltration rates, we
initiated a safety review at our facility with about 50 patients to
determine whether we were experiencing this reported frequency
of problematic injections. We expanded our safety assessment to
additional patients for confirmation. A subsequent literature review
revealed 2 important scientific incongruities. The first was that sev-
eral single-institution studies reported high rates (.15%) of activity
infiltrations, which were inconsistent with our measurements. This
finding was also inconsistent with reported rates of injection infiltra-
tions in chemotherapy and CT contrast injections, which stand at
around 0.2% (3,4). The second puzzling issue related to published
reports of infiltrated injection with absorbed dose estimates above
10Gy, a level at which one would expect to see literature reports
of deterministic skin injury from external-beam radiation therapy.
However, no such injuries have been reported from diagnostic
administrations. The scientific method dictates that when current
models do not correctly predict experimental results, new hypothe-
ses and models be developed and tested that better fit and explain
observed phenomena. Both the frequency of reported infiltrations
and the safety aspects associated with dose infiltrations appeared
to conflict with known science and data. No presumption of safety
was made in any aspect of the study design or results.
The several typographic errors identified in the article are cor-

rectly identified, and we entirely accept responsibility for these.
However, we do not believe they meaningfully detract from the sub-
stance of the research work presented.
Several methodologic concerns were expressed about both the

frequency-of-infiltration study and the Monte Carlo dosimetry
model.

MONTE CARLO DOSIMETRY MODEL

Regarding the Monte Carlo dosimetry model, significant concern
was expressed that our geometry excluded muscle from the distribu-
tion volume of an infiltrated radiopharmaceutical injection. We
stand behind our distribution model that limits activity to the subcu-
taneous tissue and, to a lesser extent, the dermis. Muscle is encapsu-
lated in the epimysium, which is a thick connective tissue layer that
is composed of coarse collagen fibers in a proteoglycan matrix. The
epimysium surrounds the entire muscle and largely isolates it from
macroscopic rapid exchange of fluids from surrounding tissue,
even under pressure. Unless the radiopharmaceutical is accidentally
directly injected into themuscle, there is no direct pathway intomus-
cle tissue. Further, our review of PET/CT infiltrations invariably
shows the infiltrate limited to the skin layer, with no detectable com-
ponent in the muscle above expected background. Figure 6A of the
article demonstrates that, in an animal model, fluid introduced under
pressure in the subcutaneous tissue is contained within the fat space
and does not enter muscle. We strongly disagree with the criticism
that “the muscle tissue adjacent to the injection site is valid as both
a source and target volume” and is “inappropriately ignored… in
the dosimetry model.” We stand by its inclusion as a target organ
only. We agree that in the unlikely event of an intramuscular injec-
tion,musclewould need to be a source and target organ, but wewould
then exclude all skin structures as source volumes, as tissue exchange
is improbable.
Even in the unlikely event of a direct intramuscular injection, the

distribution volume in the muscle is large, which would dilute the
infiltrate over a larger volume, thus reducing absorbed dose. Further,

muscles are among the least proliferative and most radiation-
resistant cells in the body. Only at doses in excess of 40Gy (func-
tional changes) (5) or 60–80Gy (significant tissue injury) (6) do
we see tissue effects in muscle tissue, and these absorbed doses
are in excess of those achievable with diagnostic quantities of PET
radiopharmaceuticals. The significant concern voiced for damage
to muscle tissue as an unstudied risk is entirely unfounded and
ignores decades of radiation biology experience from external-
beam radiation therapy.
There was concern expressed that we did not compare our Monte

Carlo results against existing published models. In fact, we did per-
form several dose estimates of the skin using several existing pub-
lished models (not reported). The results of these dose calculations
were entirely consistent with the literature, and only when simulating
approximately 100% infiltration of administered activity did absorbed
doses exceed values for which we would expect to see deterministic
and observable skin reactions (2–10Gy, mild temporary effects;
.15Gy, high probability of serious or permanent injury) (7). Yet
we found no such reports in the literature for diagnostic PET radio-
pharmaceuticals. Itwas precisely the failure of conventional dosimetry
methods to explain observed phenomena (or lack thereof) that
prompted the development of the proposed model that accounts for
skin tissue subanatomy. Modeling accounted for an approximately
40-min biologic half-life combined with the physical half-life of the
radionuclide under study. The biologic half-life was derived from a
typical 30-min combined biologic and physical half-life reported by
Osborne (8).
We freely admit that this is only an early-phase model, but we

think it holds promise to assess safety risk more accurately in the
event of a significant infiltration event than do the current more sim-
plistic methods, which appear to correctly calculate absorbed dose
when using a somewhat arbitrarily assumed tissue mass but incor-
rectly predict risk. We are in the process of expanding the scope
of simulation to include a wider range of radionuclides and geome-
tries and expect these results to be published within a year.
The opinion piece further objects to our using a subcutaneous

injection model to describe fluid dynamics when a radiopharmaceu-
tical is infiltrated. They state, “Subcutaneous administrations are
very different than intravenous and are not an appropriate basis for
model definition.”We agree fully that subcutaneous administrations
are very different from intravenous injections. However, we do
firmly believe that subcutaneous administrations are precisely anal-
ogous to infiltrated intravenous administrations. Veins accessed for
intravenous administrations reside exclusively in the subcutaneous
tissue, and when injectate leaks into surrounding tissue under pres-
sure through a blown vein or from around the puncture site of the
vein itself, the leakage will invariably enter the subcutaneous fat
layer given the anatomic confines. The fat layer is a remarkably
accommodating and elastic structure to contain the excess fluid
introduced under pressure. References supporting this were pro-
vided in the original article. We maintain confidence in our geomet-
ric model defining the behavior of infiltrated injectate and its time
course and disagree strongly that ourmodel is inappropriate; we con-
sider our approach to be a substantially more appropriate physical
model than currently used approaches.

FREQUENCY-OF-INFILTRATION STUDY

Regarding the frequency-of-infiltration study, it was initiated
because of the discordant results between our institution and the
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reports in the literature describing much higher rates. It became
apparent on reading the literature that the primary difference from
our internal institutional analysis was that we measured activity at
the injection site, where reports of significantly higher infiltration
rates were based solely on “visualization” of activity.
We absolutely stand by our belief that visualization is an inappro-

priate criterion to characterize a meaningful infiltration event. The
clinical utility of PET in oncologic applications is entirely dependent
on the modality’s exquisite sensitivity. Virtually all PET scanners
will clearly visualize a 2-cm-diameter tumor with 18F-FDG at an
SUV of 4. With a typical injection activity and body weight, this
tumor will have, very approximately, 37 kBq (1 mCi) of activity,
or about 0.01% of the injected activity. This implies, particularly
in the low-background injection site, that PET is capable of visual-
izing this amount of activity. Categorizing 0.01% of the injected
activity as a reportable or significant infiltration event, by virtue of
visibility, is categorically wrong and misleading, particularly since
the activity could instead be trivially quantitated in less than aminute
from the image data. It is based on these observations that we now
believe we clearly understand the discrepancies between our institu-
tional results and these other visualization-based literature reports,
which we consider misleading for the above reasons.
Missing from the literature was a body of quantitative measure-

ments of activity at the injection site. This was considered a signifi-
cant information gap that this study intended to fill. The true
incidence rate for significant infiltration events remains unanswered
and will depend entirely on a formal definition, which is beyond
the scope of the article and our expertise and responsibility. But it
will hopefully be better informed because of the data reported.
Criticisms were made implying inherent bias in the data reported.

We believe the study took reasonable efforts to avoid bias in data
collection. Intentionally, a variety of institutions (10 total) were cho-
sen, including an academicmedical center, private radiology groups,
private oncology groups, a community hospital, multispecialty
groups, and a research facility. Consecutive patients who had the
injection site in the field of view were studied. To avoid statistical
overweighting, no single site was allowed to contribute more than
200 studies. Consistent analysis methods were used to quantitate
activity at the injection site. Criticism was leveled that “training
and experience levels of participating technologists” was not
reported, and “an unknown number of images with injection sites
outside of the field of view were excluded from the study.” Regard-
ing the latter concern, we believe strongly this did not in anyway sta-
tistically bias results. With regard to technologist training (many
sites were small enough to not have on-site reading physicians),
we are confident that this diverse array of 10 different institutions
represented an array of different technologist skill levels and is
almost certainly a more accurate sampling of the technologist popu-
lation than the largely single-center studies on which the author and
his company base their estimates.
The critique further states that “The results from this paper only

reflect what happened in these few centers during undefined observa-
tion periods and cannot be applied to the practice of nuclear medicine
generally.” As we believe ours is a largely unbiased sample, we
believe strongly that it is entirely generalizable to the broader PET
imaging community. Injection practices in the larger nuclearmedicine
community may ormay not be similar, as wemade no attempt to sam-
ple this broader space. However, regarding the Monte Carlo dose

estimation methods, we do believe the approach is broadly applicable
to the entire practice of nuclear medicine. This criticism about gener-
alization from a well-sampled population is a particularly odd com-
ment and concerning for several reasons. First, it flies in the face of
the entire field of statistics, which is based on unbiased sampling of
a much larger population where the sample is considered mathemati-
cally representative of that larger population—to within calculable
confidence intervals. Second, this is a self-defeating argument com-
ing from an individual and company who have continuously based
comments to the Nuclear Regulatory Commission and other organiza-
tions on arithmetic extrapolation from much smaller, less controlled,
and more statistically biased reports.
Finally, in our article we somewhat arbitrarily categorized infiltration

of less than 1% of total activity at the injection site as being “not a clin-
ically meaningful infiltration event” for the sake of simple statistical
analysis. This in no way implies, nor means to imply, that an infiltration
of more than 1% is a clinically meaningful infiltration event. The
absorbed dose estimates from the Monte Carlo analysis suggest that
even at a 100% injection infiltration, we would not expect a patient to
experience deterministic skin injury, which is entirely consistent with
the lack of reported events in the literature over the last several decades.
The question of a threshold for compromised image quality or quantita-
tion was not addressed by the article. As such, the frequencies of
“clinically meaningful extravasations” calculated in the critique based
on a 1% threshold are dramatically overstated.

DISCUSSION

We find that most of the criticisms leveled are unfounded and
based on what we see as fundamental misconceptions regarding
injection anatomy and physiology, radiation biology, and even sta-
tistics. We remain confident in the experimental methods used
in the collection of injection infiltration frequency data in the
PET imaging space, and we believe these methods are superior
in quality to those of previously reported studies because of the num-
ber of patients studied, the variety of imaging sites sampled, and
the actual measurement of activity at the injection site rather than
simple reporting of visualized activity. We also believe
the physical model used in our Monte Carlo model, accounting
for major skin subanatomies, is a necessary addition to the infil-
tration skin dosimetry paradigm given the failure of current
models to predict the lack of reported deterministic skin injury
events in this space. We further stand by our Monte Carlo starting
boundary conditions whereby we confine activity to the subcutane-
ous fat and dermis, and we disagree strongly that the exchange with
muscle tissue is appropriate (although this would serve to reduce
skin/epidermal dose, which is the primary tissue of concern).
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A D D E N D U M

Addendum to MIRD Pamphlet No. 28

TO THE EDITOR: The journal has recently published MIRD
pamphlet no. 28, parts 1 and 2, which describe and provide valida-
tion for the nuclear medicine software code MIRDcalc, part of the
MIRDsoft.org series of freely accessible software for the field of
nuclear medicine (1,2). We wish this letter to serve as an adden-
dum clarifying an important technical aspect of the work in regard
to some of the graphical presentations of the library of phantom
computational models used to generate radionuclide S values,
which form the computational engine of organ dosimetry in the
MIRDcalc code.
In both part 1 and part 2 of MIRD pamphlet no. 28, we reference

4 International Commission on Radiological Protection (ICRP) pub-
lications that provide key reference material for MIRDcalc: two
regarding computational phantoms and two regarding values of spe-
cific absorbed fractions (or SAFs) from which radionuclide S values
were computed. The ICRP phantoms used in MIRDcalc data are the
ICRP publication 110 reference adult male and adult female voxel
phantoms (3) and the ICRP publication 143 reference pediatric male
and female phantoms (4). The corresponding ICRP official values
of SAFs are included in ICRP publication 133 (for the adult publica-
tion 110 phantoms) and in an in-press ICRP publication (for the
pediatric publication 143 phantoms) (5,6). Confusion might arise in
that ICRP is also in the process of migrating from voxelized refer-
ence phantoms to mesh-type reference phantoms. The adult mesh-
type reference phantoms, the next generation of the Publication 110
adult voxel phantoms, have been already published in ICRP publica-
tion 145, with pediatric mesh-based phantoms to appear in an
upcoming ICRP document (3,7,8). We point out, however, that the
only official ICRP values of photon, electron, and a-particle SAFs
published by ICRP are those derived in the voxelized reference
phantoms of publications 110 and 143, along with supplemental
stylized models of the respiratory tract and alimentary tract. No
updated SAFs have been published by the ICRP for the newer
mesh-based reference phantoms.
These details are implicit in the text descriptions in both parts

1 and 2 of MIRD pamphlet no. 28, especially in regard to the

references to ICRP publications 110, 133, 143, and the in-press docu-
ment on pediatric SAFs. However, for graphical purposes—to include
Figures 3 and 4 of part 1 and Figure 1 of part 2—we chose to display
the ICRP reference phantoms using their mesh-type formats. In this
addendum, we wish to clarify that showing the ICRP reference phan-
toms in their mesh-type formats does not imply that new SAFs were
derived for the mesh-type phantoms during the development of the
MIRDcalc software. As noted, the original source of the SAFs used
for S-value calculation were clearly cited in both parts 1 and 2 of this
MIRD pamphlet, and both ICRP documents themselves make clear
that the voxel-type reference phantoms were used.
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Erratum

In the article “Multicenter Evaluation of Frequency and Impact of Activity Infiltration in PET Imaging, Including Microscale
Modeling of Skin-Absorbed Dose” by Sunderland et al. (J Nucl Med. 2023;64:1095–1101), the legend in Figure 2A mistakenly
states units of MBq, whereas kBq are the correct units. Additionally, the y-axis in Figure 3 should read 0.41 MBq rather than 0.83
MBq. The authors regret the errors.

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.
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I N M E M O R I A M

Johan S. Masjhur, dr, SpPD-KEMD, SpKN-TM,
1942–2023

JohanMasjhur, dr, SpPD-KEMD, SpKN-TM,
widely regarded as the father of nuclear
medicine in Indonesia, died on May 13,

2023, in Bandung, Java. Hewas the first professor
in medicine at Universitas Padjadjaran (UNPAD)
in Bandung, the original home of nuclear science
in Indonesia. He was appointed an emeritus pro-
fessor at UNPAD in 2006.
Dr. Masjhur was born in Payakumbuh on

the island of Sumatra in 1942. He graduated
from medical school in 1967 from UNPAD,
where he completed a residency in internal medicine in
1976. In 1977, he accepted a position in Indonesia’s first
nuclear medicine department, at the Dr. Hasan Sadikin Hos-
pital (Bandung), and was funded to travel to The Nether-
lands to advance his studies in the field. He was appointed
head of the Department of Nuclear Medicine at the
Dr. Hasan Sadikin Hospital in 1980, a position he held for
more than 25 y.

In the early years of nuclear medicine in Indo-
nesia, nuclear medicine specialization was not
recognized as an independent discipline. The
Indonesian Society of Nuclear Medicine and
Biology was established in Bandung in 1978 with
a multidisciplinary membership, including physi-
cians, technologists, and nonclinical scientists,
with Dr. Masjhur as founding president. In 1989,
the Indonesian Society of Nuclear Medicine was
established as a physician-only organization, with
Dr. Masjhur serving as the first president and for

2 additional terms. With his junior colleagues, he struggled
for recognition of nuclear medicine for nearly a decade. In
1997, thanks to his persistence and efforts, the role of nuclear
medicine specialist was recognized by the Indonesian Medi-
cal Association as a distinct specialty. A year later, formal
education for nuclear medicine specialists was established at
the UNPAD/Dr. Hasan Sadikin Hospital. This remains the
only avenue available in Indonesia for nuclear medicine spe-
cialist training. All current practicing nuclear medicine
specialists in Indonesia were Dr. Masjhur’s students (Fig. 1).
Dr. Masjhur served as vice president of the Asia Oceania

Federation of Nuclear Medicine and Biology and as chair
of the organizing committee of the fifth Asia Oceania
Congress of Nuclear Medicine and Biology, held in Jakarta
in 1992. He received a lifetime achievement award from the
World Radiopharmaceuticals Therapy Council in 2008.
Twenty-four nuclear medicine facilities operate today in

Indonesia, including 4 medical cyclotrons, 7 PET/CT scan-
ners, and around 22 SPECT/CT systems. No one has made a
more significant contribution to nuclear medicine in Indonesia
than our dear friend and colleague Johan Masjhur.

Hussein S. Kartamihardja
Dr. Hasan Sadikin Hospital, Bandung, Indonesia

Dale L. Bailey
Royal North Shore Hospital, Sydney, Australia

FIGURE 1. Indonesian nuclear medicine trainees at residential workshop
organized by Dr. Masjhur (center front, dark shirt) in Bandung, Java, 1988.
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2023 SNMMI Upcoming Webinars
Providing leading nuclear medicine and molecular imaging education is a critical part of our mission, and
SNMMI’s virtual curriculum gives you the flexibility to access this cutting-edge content where and when it
works best for you. By connecting you with relevant topics and key expert speakers, SNMMI gives you the
support needed to advance your career. Please note that all times listed are Eastern US Time.

▲ FAPI PET: Make It or Break It?
October 10 | 12:00-1:00 PM

▲ The Role of [18F]FDG PET/CT in
Multiple Myeloma
October 18 | 12:00-2:00 PM

▲ Quick Tips for Planning & Execution
of Radiopharmaceuticals
November 2 | 12:00-1:00 PM

Register today!
www.snmmi.org/webinars

▲ Landscape of Molecular Imaging and
Fluid Biomarkers
November 14 | 12:00-1:00 PM

▲ PSMA PET
December 12 | 12:00-1:00 PM



Radiopharmaceutical therapy is a powerful
technique for treating cancer that is now being
used to great benefit in patients with prostate and
other cancers. It is essential that patients receiving
radiopharmaceutical therapy be confident
that their providersmeet high standards of
training and experience. The new SNMMI-IAC
Radiopharmaceutical Therapy accreditation helps
assure that sites delivering radiopharmaceutical
therapy are qualified and experienced, have
appropriate facilities and equipment, and can offer
safe and reliable radiopharmaceutical therapy.
Richard L. Wahl, MD, PhD, FASE
SNMMI Immediate Past President,
Member of IAC Nuclear/PET Board of Directors

IAC and SNMMI haveworked together for
many years, as SNMMI is a founding sponsoring
organization of the IACNuclear/PET accreditation
program. The creation of the newRadiopharmaceutical
Therapy accreditation offering is possible through our
collaboration and leverages both organizations’
strengths toward our alignedmissions focused on
quality and safe patient care. Through amulti-specialty
approach, the SNMMI representatives alongwith our
other sponsoring organizations, have contributed
greatly to the development of standards for
radiopharmaceutical therapy, ensuring that they are
reflective of SNMMI guidelines and current best
practices that lead to improved patient care.
Howard Lewin, MD, FACC, FASNC
President of the IAC Nuclear/PET Board of Directors

SNMMI is excited about this accreditation
programbecause it builds upon both the
SNMMI Radiopharmaceutical Therapy Centers
of Excellence and the IAC nuclearmedicine
accreditation programs.
Munir Ghesani, MD, FACNM, FACR
SNNMI President

In partnershipwith the Societyof NuclearMedicine and
Molecular Imaging (SNMMI), the IAC is proud to announce a

newaccreditation program forRadiopharmaceuticalTherapy.

Learn more todayat
intersocietal.org/nuclear.

IAC Offering 20% Reduction on
Base Application Fees for 2023
To learn more or access our Online Fee Estimator,
scan the QR code to the left or visit our website at
intersocietal.org/iac/2023fees.
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