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1¢99m BICISATE FOR INJECTION

Critical information when you need it

High Contrast Perfusion Images
e Rapid brain uptake'

e Rapid blood clearance'*’
e Rapid washout from facial muscles**
e Negligible intracerebral redistribution"*”

Extended In Vitro stability in
syringe or vial

e Greater patient scheduling flexibility
e Facilitates use in multiple settings">®
e May result in fewer doses®

15,6

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
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FOR DIAGNOSTIC USE

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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DISCUSSIONS WITH LEADERS

Advancing Nuclear Medicine at the Multiomics Intersection
Johannes Czernin Discusses Innovation and Translation with Kalevi Kairemo

Kalevi Kairemo' and Johannes Czernin?

"Docrates Cancer Center, Helsinki, Finland (retired),; and ’David Geffen School of Medicine at UCLA, Los Angeles, California

J ohannes Czernin, MD, editor-in-chief of The Journal of
Nuclear Medicine and a professor at the David Geffen School of
Medicine at UCLA, talked with Kalevi Kairemo, MD, PhD, MSc
(Eng), about his career in pioneering novel radiolabeled therapeu-
tics. Dr. Kairemo is now retired as chief physician/professor,
molecular radiotherapy and nuclear medicine, at the Docrates Can-
cer Center (Helsinki, Finland) and, since 2015, has served as a vis-
iting professor in nuclear medicine at the University of Texas
M.D. Anderson Cancer Center (Houston). His research is based
on multiomics, making discoveries at the nexus of genomics,
transcriptomics, proteomics, metabolomics, microbiomics, epige-
nomics, imaging, and precision medicine.

Dr. Kairemo graduated with an MSc (Eng) degree from the
Helsinki University of Technology (Finland) in 1980 before com-
pleting his medical (1986) and doctorate (1993) degrees at the
University of Helsinki. From 1989 to 1993 he held a postdoctoral
research fellowship at the Memorial Sloan Kettering Cancer
Center (MSKCC; New York, NY). He undertook specialist train-
ing in clinical chemistry (1994), nuclear medicine (1996), health
care administration (2002), and pharmaceutical medicine (2006) at
the Helsinki University Central Hospital. He has held faculty lead-
ership positions at the Norwegian University of Science and Tech-
nology (Trondheim), Uppsala University Hospital (Sweden), and
the Docrates Cancer Center. He has been active in transitioning
new agents and techniques through the developmental pipeline
and is the author of more than 250 peer-reviewed publications.
Dr. Kairemo is the president-elect of the World Association of
Radiopharmaceutical and Molecular Therapy (WARMTH).

Dr. Czernin: You had a very diverse training and professional
career. You were trained in chemical engineering but then
switched to medicine, became chief physician of a big clinic, and
are still a visiting professor at M.D. Anderson. You also were
trained in health care administration. You ended up in nuclear
medicine and were elected to serve as president of WARMTH.
Can you briefly describe this unusual career trajectory?

Dr. Kairemo: At the Helsinki University of Technology in the
1970s, 1 was majoring in physical chemistry and technical bio-
chemistry. My thesis was about electrochemistry, and suddenly I
realized that I did not know anything about human physiology or
cellular electrolyte balance. Therefore, in the 1980s I started to
study medicine. From the beginning I was interested in research.
After various attempts, nuclear medicine became my research
choice. While I was doing a summer job, I learned “the tracer
principle” from, strangely enough, a pediatric patient. In 1986 a
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preschool boy asked me very precise
questions, and I was obliged to answer
at a level that a child could under-
stand—from the most basic perspec-
tive. The following summer I worked
in the same place and embarked on a
dissertation on radiolabeled monoclo-
nal antibodies. I pursued a multidisci-
plinary career with a clear focus that
required administrative skills and
flexibility.

Dr. Czernin: What attracted your
interest in joining the lab of Steven
Larson, MD, at MSKCC?

Dr. Kairemo: I had heard his Georg de Hevesy Lecture about
radiolabeled monoclonal antibodies at the European Association
of Nuclear Medicine conference in Budapest, Hungary, in 1987.
Then I met him personally at the 1988 SNMMI conference in San
Francisco (CA), where I had 2 clinical posters about immunoscin-
tigraphy. After discussions, he offered a fellowship at MSKCC.

Dr. Czernin: You stayed at MSKCC for 4 years. What prompted
you to return to Europe, and what did you learn from your time in
New York? What did you take home to Finland?

Dr. Kairemo: Those 4 years were spent in 2 phases. At that
time there were 4 isotopes of radioiodine ('2°I, 1241, 121, and '3'I)
that could be given to patients. I first did nonclinical experiments
and brought new methods back to Finland, such as radioimmuno-
histochemistry and digital autoradiography. I also learned the ther-
anostic concept, that one can use the same radioactive compound
in vitro and in vivo in diagnostics and therapy and then confirm
the results with ex vivo tissue sampling. The MSKCC period gave
me courage to start new therapies, including radioimmunotherapy
and Auger—chemotherapy in Helsinki in the early 1990s. At
MSKCC I also learned how to build a team and that a critical
mass is needed for team success.

Dr. Czernin: Early in your career you developed a strong inter-
est in industry—academia relationships. How did this interest
develop?

Dr. Kairemo: In 2000 I was introduced to Erkki Koivunen,
PhD, from the lab of Erkki Ruoslahti, MD, PhD, who discovered
the phage display technique and the RGD peptides. I briefly
showed Dr. Koivunen some of the animal imaging and radiolabel-
ing we were performing in Helsinki. We decided to join forces
and introduced the idea of targeted nanoparticles. My role was in
translational research, developing in silico/in vitro/ex vivo data to
create new multidisciplinary compounds for in vivo research and
to optimize their pharmacokinetic and -dynamic behavior. This
idea was selected as “best business idea” in Finland in 2001, and

Kalevi Kairemo, MD,
PhD, MSc (Eng)
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we established the biotech CTT Cancer Targeting Technologies in
Finland. Initially, I thought that it was impossible to develop nano-
particles that could contain cytotoxic molecules, gas bubbles,
RNA strains, and other targeted loads at the good-manufacturing-
practice level—but I was wrong.

Dr. Czernin: With which companies were you involved, and
what was the focus of your industry work?

Dr. Kairemo: In industry, I worked as medical director of CTT
Cancer Targeting Technologies, medical director of Imanext
(2006-2008), and clinical director at Advanced Accelerator Appli-
cations (AAA; 2009) (now Novartis Co.). The CTT biotech com-
pany that we started in 2001 was a good example of success,
going from laboratory bench to a phase I clinical trial in 5 years,
with many contracts between multinational conglomerates and
small spinoff biotech companies. We also grew quickly from 0 to
30 employees. In 2006, we founded Imanext as a contract research
organization. Within 1 year, we had a large U.S. pharma customer
that wanted us to conduct global clinical trials in radionuclide ther-
apy in approximately 25 centers in 15 countries. The trials could
not be finished because of the U.S. financial crisis in 2008.

When AAA started to develop its first theranostic compound in
2009, I created the regulatory environment and was involved in
designing the phase 1/2 trial of Lutathera (!”’Lu-DOTATATE),
which received marketing authorization in 2017. The company
was sold for €3.9 billion to Novartis.

Dr. Czernin: How did your university view your industry rela-
tionships? Were they supportive?

Dr. Czernin: After your academic career you became involved
in a private center that provided diagnostic and therapeutic ser-
vices. Can you describe this clinic? How large was it?

Dr. Kairemo: In 2009, the full-service private oncology Doc-
rates Center was built in Helsinki. In the same building there was a
radiopharmaceutical company that owned a cyclotron. The Docrates
Cancer Center had PET/CT, SPECT/CT, 3-T MRI, and 2 linear
accelerators, with about 50 employees. I started !”’Lu-octreotate
therapies in 2010 and soon treated Finnish residents and patients
from other countries. We introduced voxel-based dosimetry to
improve therapy planning. Our clinic also had many cancer patients,
and we introduced imaging probes, including %*Ga-prostate-specific
membrane antigen [PSMA]-11 and '®F-PSMA compounds, 'SF-
fluorestradiol, and '8F-Na for evaluating **>Ra therapy response. In
the mid-2010s we started using !'"’Lu-PSMA-617 and '"’Lu-
PSMA-I&T. I introduced these radioligand therapies in neighboring
countries such as Sweden, Norway, and Estonia. Later I helped
many institutions to set up their own treatment protocols.

Dr. Czernin: You set up mobile PET services. How did this
work, and why was this necessary?

Dr. Kairemo: Finland has 5 university hospitals for 5.5 million
inhabitants. It is a large country with long distances outside the capi-
tal region. PET cameras initially were only in Turku and Helsinki
(southern Finland). Mobile PET/CT trucks visited hospitals in dif-
ferent locations every day and also went to Sweden and Estonia.
Today there is not much need for this, because all university hospi-
tals and multiple regional hospitals have their own PET scanners.

Because of their sensitivity, specificity, time factors, and depth resolution in imaging, radionuclide methods cannot be
replaced. Relevant therapy products can be designed for targeting and optimal kinetic constants. | have believed in
this method for more than 30 years, and now we have products such as Pluvicto that have changed the treatment

paradigm. Theranostics are here to stay.

Dr. Kairemo: When I first asked in the mid-1990s, the univer-
sity hospital had no capabilities for supporting industry collabora-
tion, so I could not patent anything. Later, in the early 2000s, my
university had its own company to support this kind of develop-
ment. We held 12 patents in our biotech portfolio.

Dr. Czernin: You also started your own company? What was its
focus?

Dr. Kairemo: We founded Imanext in 2006 as a contract
research organization, with a focus on providing imaging services
for the pharmaceutical industry. Among the products were phase 0
trials (exploratory investigational new drugs), also using
SPECT/CT. We designed a major clinical trial for big pharma
globally, including Africa, Australia, and South America.

Dr. Czernin: You were quite heavily involved in designing clini-
cal trials. How did you learn about the regulatory landscape?

Dr. Kairemo: I had collaborated with multiple radiopharma-
ceutical companies since the late 1980s, so I had to know the regu-
latory rules. In the CTT biotech we were aiming for clinical
tracers, so I was forced to learn the regulatory environment. We
collaborated with many contract research organizations. As clini-
cal director of the AAA in France/Italy in 2009 I set up the regula-
tory environment. [ was involved with initiating and designing the
NETTER-1 study. I learned how regulatory requirements had
grown to make large-scale physician-initiated trials almost impos-
sible without massive institutional support.
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Dr. Czernin: How is nuclear medicine set up in Finland and
other Scandinavian countries? Is it an independent specialty or
part of radiology? You are aware that even in Europe some insti-
tutions merge radiology with nuclear medicine. What do you think
about this?

Dr. Kairemo: Briefly, nuclear medicine in Finland used to be a
subspecialty (when I studied) within radiology, clinical physiol-
ogy, or clinical chemistry. Later it became an independent spe-
cialty combined with clinical physiology (which used to be a main
specialty in Finland, Sweden, and Denmark). In Norway, nuclear
medicine could be combined with clinical chemistry as well.
Therefore, in Scandinavia, the pressure to merge radiology with
nuclear medicine has not been as high as in many other European
countries (e.g., The Netherlands). It is fine that radiologists are
fond of nuclear medicine and want to read scans. However, most
radiologists are not interested in treating patients. Nuclear medi-
cine is more than interpretation of images; it is also radiochemis-
try, pharmacology, nuclear physics, immunology, and more.

Dr. Czernin: Can you describe briefly the Finnish health care
system? Is it public only or public and private? What percentage
of patients have private insurance?

Dr. Kairemo: Public health care covers more than 90% of med-
ical treatment, with no large regional differences in availability or
quality. Private health care is often used in situations where there
are long treatment waits or medical debt. Only a fourth of the
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population (<1.3 million individuals) has private insurance, and
almost half of these are children.

Dr. Czernin: When you compare the health care systems in
Europe with the ones in the United States in terms of quality of
care for patients, accessibility, and availability, which system do
you personally prefer? The question that I often ask Europeans in
this series is: Do you prefer a system for everyone or a system for
many that may leave out many?

Dr. Kairemo: I absolutely prefer a system for everyone. We are
almost there in many countries in Europe. However, the resources,
including quality, accessibility, and availability, vary and will remain
different despite national and international harmonization efforts.

Dr. Czernin: Let’s talk about theranostics. How did you get
into theranostics? What is your view of the current state and
future in Scandinavia and beyond?

Dr. Kairemo: I started radioimmunotherapy in Finland in the mid-
1990s and had to select patients by either in vivo or ex vivo imaging.
In the next phase I became interested in peptide-receptor radionuclide
therapy with somatostatin receptor ligands, first in Helsinki with an
Un-labeled compound, then in Uppsala with a *°Y-labeled com-
pound. Then I worked with AAA and gained experience in France
with !7"Lu-labeled compounds. At Docrates my own department was
known as the “molecular radiotherapy” or “theranostics” department.

Because of their sensitivity, specificity, time factors, and depth
resolution in imaging, radionuclide methods cannot be replaced.
Relevant therapy products can be designed for targeting and opti-
mal kinetic constants. I have believed in this method for more than
30years, and now we have products such as Pluvicto that have
changed the treatment paradigm. Theranostics are here to stay.

Dr. Czernin: What are your treatment protocols like in Fin-
land? In Germany, all patients must be inpatients. It’s the same in
Austria. In the United States, every patient is an outpatient.

Dr. Kairemo: In our case, they can be either in- or outpatients.
If they live nearby and the measured activity is less than 15 wSv/h

DiscussiONs WITH LEADERS  *

at a 1-m distance, they can leave the institution; others are inpati-
ents in lead-shielded hotel rooms or in the hospital.

Dr. Czernin: One important development is the emergence of
dosimetry as a routine component of theranostics. How did you
implement this and use it in your practice?

Dr. Kairemo: I knew that patient dosimetry is very individual.
I also knew that nephrotoxicity may exist and that individual
values vary in this respect. Luckily, my physicist was specialized
in nuclear physics and had mathematic skills. Together we created
a voxel-based dosimetry program in 2010 that could routinely be
applied in patients.

Dr. Czernin: Your work has reached beyond Scandinavia. Can
you tell us a little about your work for WARMTH and your out-
reach to African countries?

Dr. Kairemo: I knew the key people in WARMTH even before
it was established in 2009. I was present at the founding meeting
of WARMTH’s predecessor, the World Radiopharmaceutical
Therapy Council, at the SNMMI meeting in 1999. My second con-
tact with this group was at an International Atomic Energy Agency
congress in 2002 in Beijing, China, where there were 150 partici-
pants from 72 countries.

WARMTH has arranged 2 world conferences in Africa: in
Capetown, South Africa, in 2010 and Accra, Ghana, in 2023. Dur-
ing our last meeting in Ghana, the first therapy dose of !"’Lu-
PSMA was given in Accra. In addition, we visited another hospital
in Ghana that has been established by a European initiative. I am
currently working with a research collaboration in Ghana.

Dr. Czernin: Dr. Kairemo, yours has been an astonishingly
diverse career encompassing research, industry—academia rela-
tionships, private health care experiences, leadership in interna-
tional organizations, and much more. This may serve as an
example of the near limitless opportunities in the fields of nuclear
medicine, molecular imaging, and theranostics. I thank you very
much for your time.
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Immune-mediated diseases are associated with substantial acti-
vation of tissue-resident fibroblasts resulting in fibrosis and organ
damage (/). Despite the overall low incidence of fibrotic diseases,
fibrotic tissue responses across different diseases have been esti-
mated to account for up to 45% of deaths in high-income countries,
causing socioeconomic costs of tens of billions of U.S. dollars per
year (2). Although the detection of active inflammation by, for
example, '®F-FDG PET/CT is implemented in the clinical routine,
the in vivo visualization of immune-mediated tissue remodeling has
not been possible until recently (3,4). With the development of
radiolabeled quinoline-based tracers suitable for PET that act as
fibroblast-activation protein inhibitors (FAPIs), noninvasive charac-
terization of rheumatologic disorders is now available. Clinical
assessments of disease activity in immune-mediated rheumatologic
disorders such as rheumatoid arthritis or systemic sclerosis (SSC)—
associated interstitial lung disease usually include physical examina-
tions and evaluation of functional parameters, as well as the patient’s
self-reporting of disease activity and quality of life (5). Progression
of disease is defined as tissue destruction between 2 patient
examinations, meaning that disease activity is measured only indi-
rectly by progression of existing tissue damage. Direct measurement
of disease activity is not established in clinical practice. Instead,
PET/CT imaging using FAPIs may serve as a reliable, reproducible,
and objective indicator of disease activity (6). Activated fibroblasts
that are located in the lining and sublining of the synovium contrib-
ute to pannus formation and bone destruction in rheumatoid arthritis,
whereas fibroblasts in the lung tissue react to stimulation by an
excessive release of extracellular matrix, resulting in progressive tis-
sue fibrosis. To date, PET with '8F-FDG or MRI is the method of
choice for the detection and quantification of inflammation; how-
ever, this method does not allow for visualization of mesenchymal
stromal activation and the subsequent process of tissue destruction.

RHEUMATOID ARTHRITIS

An impressive example of the use of FAPI PET/CT for the
detection and quantification of disease in rheumatoid arthritis was
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given by Luo et al. (7). These authors performed a prospective
dual-tracer PET/CT study using °®Ga-FAPI and '3F-FDG PET/CT
in 20 patients with rheumatoid arthritis. They found that both
imaging modalities were able to detect disease-affected joints;
however, FAPI PET/CT was more sensitive in this regard than
18F_-FDG PET/CT. Furthermore, SUV,p,, correlated with clinical
and laboratory disease activity and radiographic progression of
joint damage. Further studies that directly compare the use of
FAPI PET/CT and the actual standard MRI are warranted to deter-
mine the potential role of this novel molecular medicine tool for
therapy planning. A possible future therapeutic approach in
patients with rheumatoid arthritis guided by FAPI PET/CT was
evaluated by Dorst et al. (8). They used anti-fibroblast activation
protein—targeted photodynamic therapy on rheumatoid synovial
explants and found an upregulation of cell death markers, whereas
no significant side effects were noted on the macrophages of
neighboring fibroblasts. With this novel therapeutic approach,
aberrant synovial cells previously identified using FAPI PET/CT
could selectively be targeted without any systemic side effects.

LUNG FIBROSIS

In contrast to rheumatoid arthritis, which is characterized by a
strong inflammatory component, in SSC interstitial lung disease
the activation of fibroblasts leads to excessive fibrosis of the lungs.
Pulmonary fibrosis is often a severe and progressive condition,
and despite the possibility of detecting interstitial lung diseases
with the current standard imaging technique high-resolution CT
and pulmonary function testing, monitoring of disease activity
remains challenging, since the course of disease is highly variable
(9). Furthermore, current diagnostic approaches do not predict the
course of pulmonary fibrosis and do not enable appropriate risk
stratification. In a single-center pilot study, Bergmann et al. stud-
ied a group of 21 patients with SSC interstitial lung disease who
underwent FAPI PET/CT (6). Bergmann et al. could demonstrate
that FAPI uptake was increased in patients with higher clinical
activity scores and that the magnitude of tracer accumulation cor-
related with progression of disease independently of the extent of
involvement on CT scans and lung function at baseline. Addition-
ally, in consecutive FAPI PET/CT scans, changes in tracer uptake
were concordant with response to the targeting antifibrotic drug nin-
tedanib. These data demonstrated for the first time that fibroblast
activation protein imaging is the only imaging method available that

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 + November 2023



can directly assess the dynamics and potential treatment response in
SSC interstitial lung disease. Besides pulmonary fibrosis, myocardial
fibrosis is also a factor of poor prognosis in SSC. Treutlein et al. exam-
ined in a proof-of-concept trial patients with SSC-associated myocardial
fibrosis who underwent FAPI PET/CT and MRI as well as clinical and
serologic investigations (/0). With FAPI PET/CT, dynamic changes in
tracer uptake associated with changes in SSC-related myocardial fibro-
sis were observed that could not be detected by MRI. Further larger
trials are warranted to evaluate the potential use of FAPI PET/CT to
directly monitor cardiac fibroblast activity in vivo, which might enable
1-stop-shop imaging of patients with SSC with both heart and lung
involvement. Since inflammatory processes in immune-mediated dis-
ease can already be detected by 'SF-FDG PET/CT, one may ask
whether FAPI radioligands can provide additional information on the
chronic inflammation process that often occurs in that kind of disease.

IGG4-RELATED DISEASE

IgG4-related disease is a paradigm of the inflammation-versus-
fibrosis dichotomy that affects the pancreas and biliary tree, the
salivary glands, the kidneys, the aorta, and other organs. During
the course of disease, there is a typical progression from a prolif-
erative phenotype that is characterized by dense lymphoplasmocy-
tic infiltrates to a fibrotic phenotype with a greater degree of
fibrosis. Immune-targeted therapies effectively inhibit inflamma-
tion but may not be suited to tackle fibrotic tissue changes, requir-
ing detection of whether IgG4-related disease is based primarily
on inflammatory or fibrotic lesions in an individual patient. In a
cross-sectional study, 27 patients with IgG4-related disease under-
went both '8F-FDG and FAPI PET/CT as well as MRI and histo-
pathologic assessment (/). '®F-FDG-positive lesions showed
dense lymphoplasmacytic infiltrations of IgG4-positive plasma
cells, whereas FAPI-positive lesions harbored abundant activated
fibroblasts. Interestingly, dual-tracer follow-up imaging revealed
that antiinflammatory treatment of IgG4 manifestations signifi-
cantly reduced '8F-FDG uptake whereas fibrotic lesions demon-
strated only a partial reduction in uptake on ®*Ga-FAPI PET/CT.
Furthermore, constant fibrotic activity resulted in progression of
the fibrotic lesion mass, suggesting that patients with FAPI-
positive lesions require different forms of treatment. In view of
the development of specific treatments for fibrotic diseases—treat-
ments such as pirfenidone or inhibitors of the transcription factor

FAPI v RHEUMATOLOGIC DISORDERS ¢

purine-rich box1—FAPI-04 PET/CT might be an ideal tool for
evaluating the treatment response in IgG4-related disease (/7). In
summary, FAPI PET/CT offers a completely new view on
immune-fibrosis imaging in rheumatologic disorders. This novel
imaging modality is the only noninvasive method available for the
visualization and quantification of the tissue remodeling process
and assessment of treatment response to antifibrotic therapies. To
fully exploit the potential of FAPI PET/CT in rheumatologic dis-
orders, further prospective high-quality trials that require the col-
laboration of the nuclear medicine community are needed.
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The International Atomic Energy Agency organized a technical meeting
at its headquarters in Vienna, Austria, in 2022 that included 17 experts
representing 12 countries, whose research spanned the development
and use of radiolabeled agents for imaging infection. The meeting
focused largely on bacterial pathogens. The group discussed and eval-
uated the advantages and disadvantages of several radiopharmaceuti-
cals, as well as the science driving various imaging approaches. The
main objective was to understand why few infection-targeted radiotra-
cers are used in clinical practice despite the urgent need to better char-
acterize bacterial infections. This article summarizes the resulting
consensus, at least among the included scientists and countries, on
the current status of radiopharmaceutical development for infection
imaging. Also included are opinions and recommendations regarding
current research standards in this area. This and future International
Atomic Energy Agency-sponsored collaborations will advance the goal
of providing the medical community with innovative, practical tools for
the specific image-based diagnosis of infection.

Key Words: infection; antibiotics; radiotracer; molecular imaging;
development
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Infections remain a major threat to human health globally (7).
The coronavirus disease 2019 pandemic has highlighted a pressing
need to develop and translate innovative technologies to detect and
treat infectious disease. Even before the onset of the pandemic,
infections ranked third in mortality but first in morbidity among all
human diseases in 2017, primarily affecting younger, healthier
populations (2). There were an estimated 11 million sepsis-related
deaths in 2017, accounting for about 20% of deaths globally, with
the highest incidence reported in developing countries (3). By 2050,
antimicrobial drug-resistant infections are expected to become the
leading cause of death globally and surpass those due to cancer (4).
The potential cost of drug-resistant infections has been estimated to
be as high as $100 trillion worldwide (5). We have also observed a
dramatic rise in hospital-acquired (nosocomial) infections affecting
at-risk patients during the pandemic. Enterobacterales pathogens,
especially K. pneumoniae, and fungi including Aspergillus spp. are
an important cause of secondary pneumonias in hospitalized patients
with coronavirus disease 2019 (6).

Current diagnostic approaches to detecting bacterial infections,
such as microscopy, microbiology, and molecular techniques
(nucleic acid amplification and mass spectrometry), require clini-
cal samples (blood, urine, stool, or cerebrospinal fluid) for cultur-
ing and sensitivity testing and infection-relevant assays. However,
it is increasingly recognized that many different infectious foci
with distinct bacterial burdens, antimicrobial exposures, and local
biology can coexist in the same host (7—9). Clinical samples may
not accurately represent the local biology at infectious sites and
thus are either not sensitive to or not representative of the bacterial
infection (/0,11). Surgical resection or biopsy is often the last
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resort for obtaining infected tissues, and because of the associated
morbidity, these techniques are generally limited to the most
accessible lesions identified at a single time point. Additionally,
sampling methods fail to capture the heterogeneity of multiple
lesions existing simultaneously in the same patient, as well as the
temporal changes occurring over the course of the infection and its
treatment.

Available imaging tools used in the clinic for detection of bacte-
rial infections include radiography, ultrasonography, CT, and MRI,
but these imaging tools are based on anatomic changes during dis-
ease, which are delayed compared with the biochemical events
occurring within the affected tissues. Structural abnormalities are
also nonspecific and reflect a combination of both the infectious
agents and the host inflammatory response (/2). Molecular hybrid
imaging platforms have proven to efficiently localize pathology and
assist in the clinical management of several diseases (13,14). These
technologies, such as SPECT or PET, can measure molecular path-
ways in situ and are often used in combination with anatomic imag-
ing (PET/CT, PET/MRI, or SPECT/CT). The use of radiolabeled
leukocytes (white blood cells) is considered the gold standard tech-
nique for prosthetic (15), vascular graft (/6), and diabetic foot (/7)
infections but requires skill and equipment for sterile blood manipu-
lation. Radiolabeled antibodies against granulocyte antigens can
induce human antimouse antibody production in approximately 4%
of patients (/8), limiting their use. The glucose analog ['F]FDG
has also been used to image infection but lacks specificity for patho-
gens (19).

Despite these advanced tools, there is no universally accepted
approach to the specific detection of bacterial infections. There-
fore, there is an urgent, unmet need for the development of radio-
pharmaceuticals that can demonstrate the presence of living
pathogens in vivo. However, because of bacterial diversity and the
frequency of polymicrobial infections, developmental efforts have
focused on both radiopharmaceuticals for panbacterial imaging
and radiopharmaceuticals for type- or species-specific imaging.
For potential clinical applications, there are advantages and disad-
vantages to both concepts. Given the breadth of research interests,
in general all approaches have been hindered by a relative lack of
funding (compared with oncology, for example), lack of uniformly
reported data for imaging agents, misconceptions regarding radia-
tion risks, and hurdles in the clinical translation and dissemination
of promising radiopharmaceuticals (12).

In March 2022, the International Atomic Energy Agency
(IAEA) organized a technical meeting titled “The Status of Radio-
labeled Molecules for Infection and Inflammation Imaging” in
Vienna, Austria, to evaluate and address these challenges. This
summary should be used as a road map for advancing research in
this field, understanding the potential clinical use of radiopharma-
ceuticals and their role in clinical decision-making, and most
importantly motivating funding agencies and industry to support
and develop pathogen-specific imaging technologies. Although the
focus of this meeting was bacterial infection, the conclusions ren-
dered may be expanded and tailored to nonbacterial pathogens
whose detection via nuclear imaging is increasingly reported in
the peer-reviewed literature.

CLINICAL MOTIVATIONS

With the advance of medical imaging technologies, there has
been a sustained interest in developing new tools to detect and
monitor bacterial infections noninvasively—particularly in nuclear

DEVELOPMENT OF INFECTION TRACERS

medicine. Ideally, nuclear imaging probes should have high sensi-
tivity and specificity for a wide range of pathogens, with enough
tissue penetration to reach infected areas despite poor vascular
supply while providing quantitative signals proportionate to the
bacterial burden. They should also be chemically stable in blood
and tissues; safe, with acceptable radiation exposure; and manu-
facturable at a reasonable expense (20,21). However, this magic
bullet is not feasible for all imaging applications since disease
location, type of pathogen, presence of comorbidities, chronicity
of infection, and therapeutic interaction may influence the diagnos-
tic accuracy of a given technique.

Therefore, analogous to the development of imaging agents in
oncology, pathogen-specific imaging will greatly benefit from hav-
ing multiple complementary agents with applicability to different
clinical conditions. Several radiopharmaceuticals should be devel-
oped targeting variable pathways, allowing differentiation between
infection and sterile inflammation and characterization of individual
or classes of pathogens (e.g., gram-positive vs. gram-negative bac-
teria). A collaborative multidisciplinary environment with expert
perspectives is essential, as is sharing information regarding how to
best conduct imaging studies, interpret data, and include appropri-
ate controls. A central agency (e.g., the IAEA) with a global focus
represents an ideal platform to share this information and conduct
multicenter comparisons. To allow replication of experiments at
different sites, transparency in experimental methods for both pre-
clinical and clinical studies is required, as well as willingness by
the researchers to distribute data and standardize reporting.

The bacterial imaging field, both for SPECT and for PET, has
grown significantly from 2000 to 2019, followed by a reduction in
publications during the coronavirus disease 2019 pandemic, based
on articles found via PubMed from 2001 to 2022 by searching
“bacteria AND imaging AND scintigraphy/PET AND [year].”
This refocusing of research effort may reflect a new focus on coro-
navirus disease 2019-related diagnostics, a pandemic-related loss
of resources needed to conduct this type of research, or most likely
both. Therefore, it is essential to reinvigorate this field, particularly
with our new knowledge of infections—their transmission, mor-
bidity, and mortality.

With respect to pathogen-specific imaging, it is important to
learn from our previous mistakes. One of the first agents to be
clinically translated for infection imaging was [**™Tc]ciprofloxa-
cin, commercially known as Infecton (Draxis). Although it was
rapidly evaluated in hundreds of infected patients with promising
results, these initial hopes were dashed when subsequent clinical
studies (22-24) showed poor specificity of [**™Tc]ciprofloxacin
for bacterial infections. The panel at the IAEA agreed that from
the beginning [**™Tc]ciprofloxacin was a poorly chosen and vali-
dated tracer for numerous reasons, including its limited affinity for
bacteria (reflected by fast efflux rates from affected tissues) and
binding to both bacteria and mammalian cells (25,26). This was a
valuable lesson in the need to thoroughly characterize bacteria-
specific imaging agents to confirm their mechanism of action and
specificity before investing extensive resources in their clinical
translation. In this case, in vitro tests were not satisfactory (27-29)
and heterogeneity of clinical studies limited their credibility. These
studies had variable imaging indications, divergent gold standards,
and poor controls and proved challenging to interpret (23,30-33).

To attract industry investment in new imaging technologies,
attention should be paid to their potential profitability at all stages
of development. For example, the preservation of intellectual
property via patents is essential and often overlooked. Indeed,
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patented radiotracers can be more easily acquired and produced by
pharmaceutical companies, reducing the risk of competing tech-
nologies. A lack of intellectual protection will likely discourage
industry investment, even if the science itself is promising.

DEVELOPMENT OF PATHOGEN-SPECIFIC IMAGING
METHODS

The discussion at the IAEA focused on the development of
infection-targeted radiopharmaceuticals, including the basic in vitro
and in vivo studies needed to validate their clinical relevance.

Infrastructure Requirements

An important consideration in developing any imaging agents is
the required infrastructure, with the safe handling of infectious agents
representing a special challenge. For any radiopharmaceutical, rele-
vant technologies include a cyclotron or radionuclide generator,
shielded fume hoods (i.e., hot cells), a radioactivity-counting instru-
ment (e.g., a y-counter), high-performance liquid chromatography,
and preclinical scanning equipment (PET or SPECT). For clinical
translation, quality control evaluation including identity testing, pyro-
gen evaluation, radiochemical evaluation (yield, purity), and chemi-
cal stability is required. Staff with radiochemistry and regulatory
expertise imply potentially high costs, which can be a limitation for
the development of new agents. Considerations for handling patho-
gens and biosafety training are critical for conducting these studies.
However, groups focused on radiochemistry are not familiar with
regulations surrounding pathogens, as they have traditionally focused
on cancer and neurologic disorders. Additional infrastructure chal-
lenges are related to infections with drug-resistant pathogens requir-
ing special regimes for patient care and cleaning of hospital spaces
(waste management) and hospital beds (isolation areas).

Conception and Planning—Identifying the Target

Infectious diseases are widely heterogeneous illnesses associated
with microorganisms that cause disease in humans. Although there is
considerable overlap in the pathogenic mechanisms of these microor-
ganisms and the host response to them, the intrinsic characteristics of
these pathogens are highly variable. Bacteria, viruses, fungi, and para-
sites are genetically, biochemically, and metabolically different. Addi-
tionally, reference laboratory strains can be significantly different
from pathogenic strains. For example, reference laboratory E. coli
strains—the uropathogenic CFT073, enterohemorrhagic EDL933, and
laboratory strain MG1655—all display a

mammalian cells—that is, energetic pathways, nucleic acid use,
and cell surface components for the discovery of novel molecules
that could be developed into pathogen-specific agents. Although
initial efforts to develop pathogen-specific radiopharmaceuticals
were based on radiolabeled antibiotics, recent approaches have
focused on radiopharmaceuticals that are incorporated by the cell
wall or are metabolized by microbe-specific pathways. For exam-
ple, p-methyl-['!C]methionine and other positron-labeled p-amino
acids have targeted bacterial peptidoglycan (Fig. 1) (35-38), whereas
2-deoxy-2-['8F]fluoro-p-sorbitol detects bacteria via the unique
metabolism of sorbitol by Enterobacteriaceae (Fig. 2) (39,40). For a
more thorough understanding of the target, collaboration with micro-
biologists and infectious disease physicians is helpful. Generally,
attention to the literature and careful screening (including in silico)
can identify the targets most relevant to probe design (4/). Using
an artificial intelligence approach in the selection of potentially
pathogen-specific radiopharmaceuticals can make radiopharmaceuti-
cal agent development more efficient (42).

Compound Screening and Radiochemistry

Once the bacterial target has been identified, the next step is to
obtain lead molecules, which may require a conventional compound
screen, structure-based design, modification of molecular probes
developed for other imaging techniques, or radiosynthesis of metab-
olite analogs (43,44). Using an unbiased screening approach is
essential to the discovery of candidates for pathogen-specific imag-
ing. Screening of candidate compounds should be performed in
whole bacterial cell cultures since working with an isolated target
ignores critical determinants of clinical performance, such as cell
wall penetration.

Multiple comprehensive reviews have been published on the
radiochemistry of pathogen-specific imaging radiopharmaceuticals
(43,45,46). However, many publications in this field lack the mini-
mal requirements to allow validation and reproducibility of the
described radiochemistry methodology. When a new agent is
described, information regarding its radiochemical purity, radio-
chemical yield, molar activity, stability, and metabolism is neces-
sary to allow other researchers to evaluate the presented approach
and potentially reproduce it. Molar activity is particularly impor-
tant to report and evaluate to address the presence of competing
cold materials in a radiopharmaceutical sample. Numerous other
considerations are relevant to the chemical specifics of the probe.

mosaic genome structure that can compose
up to 40% of their genes (34). Therefore, it
is fundamental to identify the target patho-
gen and its clinical presentation when plan-
ning to develop pathogen-specific imaging
agents. The specific characteristics of the
agent will vary depending on the target, and
the use of clinical strains during the initial
studies may be crucial.

Developing new infection-targeted agents
depends both on the clinical need and on
understanding of the mechanism the tech-

nology uses to generate image contrast. Bac-
teria (prokaryotes) are evolutionary and
phylogenetically distinct from eukaryotic
cells. These basic differences provide op-
portunities to leverage fundamental bio-
chemical differences between bacteria and
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FIGURE 1. p-methyl-[''C]methionine PET/MR images of 61-y-old man with bilateral hip prostheses
and confirmed C. acnes infection of left hip. Left bar represents SUV color scale, and right bar repre-
sents MRI color scale. (A, B, and C) Coronal MR, PET, and PET/MR images, respectively. Arrows
indicate infected joint in A and area of radiotracer uptake surrounding joint in B and C. (D-F) Axial
MR, PET, and PET/MR images. Arrows depict sinus tract communicating with skin in D and regions
of radiotracer uptake in E and F. (Adapted from (35).)
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can be used to explore the effect of molar
activity on radiotracer performance. Finally,
several pathogenic species, as well as multi-
ple strains of the same species, should be
included in these analyses. In addition to
clinical isolates, commercially available
bacteria should be used to allow reproduc-
tion of results by other groups.

Several in vitro studies are infrequently
performed or use variable experimental con-
ditions. For example, some investigators
perform efflux studies whereby after bacte-
rial radioactivity retention, the cells are
washed and the subsequent loss of radioac-
tivity over time is determined (50). There is
also variability in the medium used, and
some components may compete with exoge-
nous radiopharmaceuticals for bacterial
incorporation. At this point, there is no stan-
dard medium used although investigators
should consider appropriate mimicry of the
nutrient makeup of the human body.

In Vivo Validation

FIGURE 2. ["®F]FDS PET study of 67-y-old man with squamous cell carcinoma of lung and K.
pneumoniae pneumonia. On left, 3-dimensional minimum-intensity projection is shown, with arrow
indicating ['®F]FDS signal in infected tissues. On right, transverse CT, PET, and PET/CT images (from
top to bottom) indicate minimal ['®F]FDS signal in right-sided cancerous lesions (arrow). (Adapted

from (40).)

For example, with radiometal modification of antibodies or related
protein formats (i.e., single-domain antibodies), stoichiometry
should be evaluated and reported. Both retention of activity and
stability of conjugated antibodies should be determined. To rule
out in vivo transchelation of **™Tc, a cysteine challenge study
may be considered. Basic radiopharmaceutical design criteria are
beyond the scope of this discussion, but a summary has been pro-
vided in a previous review (47).

In Vitro Testing

Evaluating uptake of radiopharmaceuticals by bacteria in vitro is a
critical aspect of their validation. Since certain radionuclides both are
costly and have short half-lives (e.g., '!C for PET), the in vitro study
of radiopharmaceutical analogs can begin with -emitting nuclei
(1C, *H) and scintillation counting (41), stable isotope MR spectros-
copy (48) (e.g., °C, 'H, 2H, and '°F), or mass spectroscopy (49).
The essential validation of a new radiotracer concept is when it has
been successfully labeled and incubated with bacterial cultures to
detect specific incorporation (37). These studies are usually con-
ducted with bacterial cultures in the growth or exponential phase,
although of course other assessments are possible. After bacterial
washing and detection of retained radioactive signals, a gross assess-
ment of tracer retention can be made by the percentage of tracer
retained, that is, the percentage uptake. However, these data should
be normalized to bacterial count, which is not obtained via an esti-
mate (e.g., an E. coli culture with an optical density of 1 measured at
a wavelength of 600 nm represents 8 X 10° organisms) but by serial
dilutions and plating to determine the number of colony-forming
units to be reported. The most relevant controls include the use of
heat-killed organisms and blocking using a nonradiolabeled version
of the radiopharmaceutical. These blocking, or competition, studies

DEVELOPMENT OF INFECTION TRACERS *

Once the in vitro characterization of a
probe has been completed, subsequent vali-
dations in animal models are frequently
performed. Regulatory requirements for the
development of animal models of infections
vary considerably across different countries
and institutions. If excessive, these can be an additional burden to
researchers (57). Animal models and relevant controls are well sum-
marized in the consensus report by Signore et al. (52). When choos-
ing an animal model, it is important to thoroughly understand the
human infection that is being studied, as well as the strengths and
limitations of a given model. The European Association of Nuclear
Medicine recently published useful guidelines for choosing the
appropriate animal model for preclinical experiments (53). In most
cases, the models used should recapitulate human pathologies. When
tracer sensitivity to different pathogens is being compared, a dual
infection model (e.g., a mouse infected with 2 pathogens) (38) or
separate carefully generated cohorts (e.g., in comparing [*™Tc]hy-
drazinonicotinamide polymyxin B accumulation in Pseudomonas
aeruginosa and Staphylococcus aureus) may be used (Fig. 3) (54).
The volume of distribution, metabolism, excretion, vascular leakage,
etc., are also key variables that should be considered before choosing
a specific model.

Determining and standardizing the readouts used to quantify
signals from pathogen-specific agents in animal models are also
key to comparing different agents and reproducing the reported
findings. For example, for PET imaging of bacterial infections, the
agent should be injected at a time point when the infection has
been allowed to incubate for a sufficient time (e.g., 8-24h) to
resemble human pathology when inflammatory response peaks
and bacteria are in different metabolic states. Determination of
the stability of the agent in blood (or tissues if applicable) at the
time of imaging should also be reported. Because of replication,
the bacterial burden injected at a given site is much lower than
found hours later. Therefore, the bacterial burden at the site evalu-
ated should be determined immediately after imaging has been
performed.
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An accurate analysis of the preclinical
images is fundamental to determine the via-
bility of the candidate agent for pathogen-
specific imaging. The most used approach
to determining the region (or volume) of in-
terest via images is intrinsically operator-
dependent. Therefore, efforts should be made
to minimize bias (e.g., using the CT instead
of the PET images to determine the region of
interest). A frequently used unit to represent
imaging results in PET/SPECT is SUVyean,
which considers average signals in a region
of interest, corrected for the dose-decay—
adjusted injected dose and the weight of the
animal. Other methods of data quantification
are available, and researchers should explain
the methodology used for the analysis. Care-

FIGURE 3. Representative planar y-camera images of 2 mice infected with 10° colony-forming
units of P. aeruginosa (A) (green arrow and circle) and S. aureus (B) (red arrow and circle) vs. contra-
lateral thigh, injected with only hydrogel (yellow arrows and circles) as control. Images were acquired
6h after injection of 3.7 MBq of [**™Tc]-hydrazinonicotinamide polymyxin B. Radiolabeled antibiotic
binds only to gram-negative bacteria, thus highlighting presence of P. aeruginosa but not of gram-

positive S. aureus. (Adapted from (54).)

The use of animal models beyond rodents in development of
imaging research has also been suggested (53,55). The rabbit
stands out among nonrodent mammals used in research because of
its relatively small size, short gestation period (29-31 d), and
potential for timed mating and superovulation (56). Myriad imag-
ing studies have reported the successful use of rabbit infection
models (57-59). Given ethical concerns, using nonhuman primates
(macaques, baboons, marmosets, and African green monkeys) in
biomedical research is usually allowed only in research areas for
which no alternative is available (60,61); however, research on
nonhuman primates regularly necessitates special facilities and
expertise. Although expensive, nonhuman primates are invaluable
tools to study complex infection pathogenesis (simian HIV or
tuberculosis) (62) and are suitable for preclinical imaging studies
(63,64), in particular for tracer biodistribution or radiation dosime-
try (65—67), translational research on human respiratory infections,
and pharmaceutical drug development (68—70). Beyond these
common animals, the study of species-specific diseases might
involve pigs, cats, dogs, cattle, horses, fish, and birds (71,72).

Distinguishing infection from inflammation depends on the typical
host response via initiation of the innate immune system followed by
an adaptive response targeting the pathogen (/9,73). Frequently,
inflammation may persist despite infection control (74). Inclusion of
appropriate controls is an important determinant when developing spe-
cific infectious imaging agents. Whenever possible, contralateral limb
or skin site controls, as demonstrated by the tissue cage model (75),
can be used to test the specificity of the agent and further distinguish
between infectious and sterile inflammation. Therefore, a rational pre-
clinical screen should be designed to, first, understand the kinetics of
the test molecular imaging agent in sterile (76—78) as well as infectious
(39,79) animal inflammation models and, second, understand target
organ function to compare the sensitivity of the imaging agent in ani-
mal models of infection and sterile inflammation. The imaging agents
should be validated with the capability for dual or hybrid imaging plat-
forms such as SPECT/CT, PET/CT, and PET/MRI (80).
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ful dissection and ex vivo analyses of all
tissues should be performed via a radiation-
detecting instrument (i.e., 'y-counter). Accu-
rate identification of infected and noninfected
tissues can be used to generate an uptake
value, normalized to mass (i.e., percentage
injected dose per gram). The tissues can be
subsequently homogenized and plated to nor-
malize the data for the number of viable bacteria (colony-forming
units); this type of analysis is essential for evaluating the sensitivity of
a radiopharmaceutical or comparing the sensitivity of different tracers.

TRANSLATION AND THE FUTURE

The general process of translating new nuclear medicine tech-
nologies has been explored in numerous reviews (87,82) and in
the context of dedicated workshops, such as that organized by the
National Institute of Biomedical Imaging and Bioengineering
(National Institutes of Health) (83). The basic approach involves
the approval of both government and institutional regulatory bod-
ies, toxicology studies as required, radiochemical optimization,
and first-in-humans studies usually initiated for dosimetry evalua-
tion. For any tracer, a major challenge is securing the funding to
accomplish this work, given administrative expenses and the high
cost of radiopharmaceutical production. Many researchers at the
meeting felt these costs diminished the number of patients who
could reasonably be scanned using a new tracer—thus limiting the
conclusions obtained. A second challenge is the difficulty of prov-
ing the utility of infection-targeted radiopharmaceuticals in rigor-
ous, multicenter studies. Even for researchers who wish to share
and collaborate, securing the funding required for this effort is dif-
ficult. Finally, infection-targeted tracers face particular barriers to
widespread clinical adoption, described below.

There Is Currently Limited Engagement of Stakeholders

To be successful, physicians in numerous disciplines need to
consider infection imaging essential to clinical practice. The col-
laboration of radiologists, nuclear medicine physicians, infectious
disease doctors, surgeons (especially orthopedic surgeons and neu-
rosurgeons), and other specialists will be essential in driving this
field forward. In addition, partnerships with industry, including
commercial radiopharmacies, are crucial to rendering these tech-
nologies profitable and sustainable.
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Current Patient Studies Are Not Sufficiently Convincing

The latest generation of microbe-specific tracers is highly com-
pelling, but few carefully conducted patient studies support their
use. Infectious disease is a broad topic, requiring time for research-
ers to produce relevant data in patients.

Infection-Targeted Nuclear Medicine Tools Do Not Fit into an
Existing Clinical Workflow

Access to nuclear medicine tools may be limited for the diagno-
sis of infection in the acute care setting. Most radiotracers cannot
be synthesized on demand even during the regular operating hours
of a radiopharmaceutical facility and, as a result, can often be used
only when the patient is already undergoing antimicrobial therapy
due to the urgency of treatment in acute infections. This is a sig-
nificant limitation to first-in-humans studies, as imaging results
can be confounded by the effects of the therapeutic regimen.

CONCLUSION

Meetings such as that recently sponsored by the IAEA are essen-
tial in identifying ways for researchers and physicians to better
diagnose and treat bacterial infections. The remarkable progress
made over the last decade indicates that the successful application
of new molecular imaging tools in the clinic will profoundly impact
patient care.
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Molecular markers are of increasing importance for classifying, treat-
ing, and determining the prognosis for central nervous system tumors.
Isocitrate dehydrogenase (IDH) is a critical regulator of glucose and
amino acid metabolism. Our objective was to investigate metabolic
reprogramming of glioma using compartmental uptake (CU) charac-
teristics in O-(2-'8F-fluoroethyl)-L-tyrosine (FET) PET and to evaluate
its diagnostic potential for IDH genotyping. Methods: Between 2017
and 2022, patients with confirmed glioma were preoperatively investi-
gated using static '8F-FET PET. Metabolic tumor volume (MTV), MTV
for 60%-100% uptake (MTVgp), and T2-weighted and contrast-
enhancing lesion volumes were automatically segmented using U-Net
neural architecture and isocontouring. Volume intersections were
determined using the Dice coefficient. Uptake characteristics were
determined for metabolically defined compartments (central [80%—
100%)] and peripheral [60%-75%] areas of '®F-FET uptake). CU ratio
was defined as the fraction between the peripheral and central com-
partments. Mean target-to-background ratio was calculated. Compari-
sons were performed using parametric and nonparametric tests.
Receiver-operating-characteristic curves, regression, and correlation
were used for statistical analysis. Results: In total, 52 participants
(male, 27, female, 25; mean age = SD, 51 = 16 y) were evaluated.
MTVgo was greater and distinct from contrast-enhancing lesion volume
(P = 0.046). IDH-mutated tumors presented a greater volumetric CU
ratio and SUV CU ratio than IDH wild-type tumors (P < 0.05). Volumet-
ric CU ratio determined IDH genotype with excellent diagnostic perfor-
mance (area under the curve [AUC], 0.88; P < 0.001) at more than 5.49
(sensitivity, 86%, specificity, 90%), because IDH-mutated tumors pre-
sented a greater peripheral metabolic compartment than IDH wild-
type tumors (P = 0.045). MTVgo and MTV were not suitable for IDH
classification (P > 0.05). SUV CU ratio (AUC, 0.72; P = 0.005) and
target-to-background ratio (AUC, 0.68; P = 0.016) achieved modest
diagnostic performance—inferior to the volumetric CU ratio. Further-
more, the classification of loss of heterozygosity of chromosomes 1p
and 19q (AUC, 0.75; P = 0.019), MGMT promoter methylation (AUC,
0.70; P = 0.011), and ATRX loss (AUC, 0.73; P = 0.004) by amino acid
PET was evaluated. Conclusion: We proposed parametric '8F-FET
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PET as a noninvasive metabolic biomarker for the evaluation of CU
characteristics, which differentiated IDH genotype with excellent diag-
nostic performance, establishing a critical association between spatial
metabolic heterogeneity, mitochondrial tricarboxylic acid cycle, and
genomic features with critical implications for clinical management and
the diagnostic workup of patients with central nervous system cancer.

Key Words: '®F-FET PET/MRI; amino acid metabolism; IDH genotyp-
ing; biomarker; spatial metabolic heterogeneity
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Gliomas are the most common primary malignant neoplasms
of the central nervous system (CNS) in adults and comprise a large
spectrum of molecular subtypes with intricate pathophysiology.
Molecular stratification is essential for diagnosis, treatment planning,
and individual prognosis. In recent years, the World Health Organi-
zation (WHO) classification of tumors of the CNS has undergone
several updates (/) introducing several important changes, such as
the incorporation of molecular and genetic information. One impor-
tant molecular marker that has gained significant attention is the
mutation status of the isocitrate dehydrogenase (IDH) gene (2—4).
IDH gene mutations play a central role in glioma pathophysiology,
occurring early in the glioma genesis and characterizing a group of
tumors that is molecularly distinct from primary glioblastoma.
Because IDH mutations are associated with a more favorable prog-
nosis (5), the IDH genotype has become a central feature in the diag-
nosis and management of patients with CNS cancer. In recent years,
considerable progress in understanding the molecular mechanisms
and pathophysiology underlying IDH mutations has been made. IDH
genes encode a key enzyme in the tricarboxylic acid cycle, which is
a central cellular pathway for energy production. When IDH genes
are altered, a profound disruption in the tricarboxylic acid cycle with
dysregulation of the amino acid metabolism is induced—a hallmark
of CNS cancer—which is leveraged for bioenergetic processes and
protein synthesis. By a gain-of-function mutation, the physiologic
conversion of isocitrate to a-ketoglutarate, an important intermediate
metabolite in the Krebs cycle, is inhibited, whereas the production of
p-2-hydroxyglutarate is propagated. High levels of the oncometabo-
lite D-2-hydroxyglutarate mediate global DNA and histone hyper-
methylation, impairment of DNA break repair mechanisms, and a
decrease in hypoxia-inducible factors through competitive inhibition

Lohmeier et al. 1683



of tumor suppressors in the a-ketoglutarate—dependent dioxygenase
family that contribute to glioma pathogenesis and progression
through alteration of cellular differentiation, proliferation, and gene
expression (2,3).

In the surgical management of patients with preoperative IDH-
mutated glioma, supramaximal resection was shown to improve
overall survival (5-8). However, the IDH genotype is typically
unknown before surgery, and a preceding (stereotactic or open)
biopsy involves the hazards of perioperative complications. To date,
there are few reliable means for noninvasive and predictive geno-
typing of IDH mutation status in clinical practice (3).

On the basis of the hypothesis that specific genetic alterations
are linked with distinct metabolic phenotypes, we introduced the
compartmental uptake (CU) ratio as a noninvasive metabolic imaging
biomarker characterizing the spatially heterogeneous glioma metabo-
lism by differentiating the metabolic tumor core from its periphery.
Predictive genotyping of IDH mutation status was then investigated
using O-(2-'8F-fluoroethyl)-L-tyrosine (FET) PET, as an established
marker for amino acid metabolism, in a patient cohort with preopera-
tive glioma.

MATERIALS AND METHODS

Study Design and Patients

This retrospective clinical cohort study was conducted according to
the principles of the Helsinki Declaration. Approval from the institu-
tional ethics board was obtained (EA2/019/23). Informed consent was
obtained from all participants. From 200 consecutive suspected-glioma
patients evaluated using a simultaneous '®F-FET PET/MRI approach
between 2017 and 2022, 52 participants with hybrid imaging before
resection (Fig. 1) were included according to the eligibility criteria.

Neuropathologic Analysis

The molecular status of IDH mutation (IDH-mutated or wild-type),
1p/19q codeletion (loss of heterozygosity of chromosomes 1p and 19q
[LOH1p/19q]positive, codeleted; LOH1p/19g-negative, nondeleted),
MGMT promoter methylation (MGMT-positive, methylated; MGMT-
negative, unmethylated), and ATRX loss (ATRX-positive, deficient;
ATRX-negative, retention) were determined from formalin-fixed paraffin-
embedded tissue specimens during routine diagnostic workup proce-
dures using fluorescence in situ hybridization analysis, pyrosequencing,
EPIC DNA methylation arrays (Illumina), or immunostainings according
to the requirements of the WHO classification of tumors of the CNS
(1). When pyrosequencing of MGMT promoter methylation was used,
a cutoff of 10% was defined to classify MGMT methylated versus
unmethylated cases, a cutoff that is commonly applied and has been
validated for routine clinical diagnostics (9). Gliomas were classified
using the 2021 WHO classification (/) according to the molecular data
available at that time point.

PET/MRI Acquisition
Simultaneous PET/MRI was performed on a Magnetom Biograph
mMR scanner (Siemens Healthcare) with an averaged axial spatial

resolution of 6 mm in full width at half maximum, which was deter-
mined in a 3-dimensional Hoffman brain phantom measurement
(ordered-subsets expectation maximization, 3 iterations and 21 subsets,
postfiltering by a 3-dimensional gaussian kernel of 3 mm in full width
at half maximum, as in patient data) following the method by Joshi
et al. (/0). PET and clinical high-field (3-T) MRI were performed in
list mode for up to 60 min after intravenous administration of '*F-FET
(mean * SD, 163 £ 23 MBq; 180-MBq standard dose and individu-
ally calculated dose for body weight < 60kg). Fasting for at least 4 h
before PET acquisition was recommended. A gadolinium-based con-
trast agent (Gadovist; Bayer Pharma AG) was administered according
to the patient’s total body weight (0.1 mmol/kg). The MRI acquisition
protocol included a transversal T1-weighted ultrashort echo time sequence
for attenuation and scatter correction, a T2-weighted sequence (repeti-
tion time/echo time, 5,320/88 ms; matrix size, 230 X 230 X 230; voxel
size, 0.4 X 0.4 X 3.0mm), and a postcontrast T1-weighted magnetization-
prepared rapid gradient echo sequence (repetition time/echo time/inversion
time, 2,400/2.26/900 ms; flip angle, 8°; matrix size, 256 X 256 X 256;
voxel size, 1.0 X 1.0 X 1.0 mm; thickness, 1 mm,; slices, 192). Vendor-
based attenuation correction (software versions MR B20P and MR
E11P) using ultrashort echo time was performed. The PET acquisition
was reconstructed into transaxial slices using an iterative ordered-
subset expectation maximization algorithm (ordered-subsets expectation
maximization, 3 iterations and 21 subsets; matrix size, 344 X 344 X 127;
voxel size, 1.0 X 1.0 X 2.3 mm; gaussian filter, 3 mm). Emission data
were corrected for decay, randoms, dead time, scatter, and attenuation.

PET and MRI Analysis
Quantitative analysis was performed using OsiriX MD 12 (Pixmeo
SARL). Contrast-enhancing and T2-weighted lesion volumes were
determined in an automated manner using an attention-based U-Net
architecture with postcontrast T1-weighted magnetization-prepared rapid
gradient echo and T2-weighted/fluid-attenuated inversion recovery
images as input (/7). When applicable, regions of interest (ROIs) of
T2-weighted and contrast-enhancing lesion volumes were slightly
adapted. "®F-FET uptake was measured in an automated manner using
isocontouring based on attenuation-corrected '8F-FET tracer uptake,
yielding an uptake-based total (60%—100%, MT V), peripheral (60%—
75%, ROlgp), and central (80%—100%, ROIgy) metabolic compartment
(thresholds were iteratively determined in a pilot experiment, differenti-
ating uptake pattern into a central and peripheral compartment based
on visual assessment). Segmentations were marginally adapted to
exclude large intracranial blood vessels (when applicable). For defini-
tion of metabolic tumor volume, both a percentage method (60%—
100%, MTVg) and an absolute threshold method (1.8 times the mean
uptake of the healthy contralateral background, MTV) were used. CU
ratio was defined as the fraction between ROIg, and ROlg, yielding a
volumetric CU ratio for the uptake-based volume or SUV CU ratio for
the mean SUV. Mean target-to-background ratio was determined from
SUVinean 0N the basis of a 3-dimensional VOI (ROlg) from an '®F-
FET-active lesion compared with the mean unaffected contralateral
background to account for nonspecific and regional uptake behavior.
In multifocal tumor manifestations, the most prominent '®F-FET—
active lesion was chosen as the target lesion.
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FIGURE 1.

1684

Study selection flowchart. ATRX = «-thalassemia/mental retardation syndrome, X-linked;
MGMT = O°-methylguanine DNA methyltransferase. p/n/na = positive/negative/not applicable.

then transformed to a structural T2-weighted
image using rigid deformation (ANTs, ver-
sion 2.3.4).
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Statistics

Statistical analysis was performed using Prism version 9 (GraphPad
Software) and MedCalc version 20.104 (MedCalc Software Ltd.).
Mann-Whitney U (2-tailed) tests (with Holm-Siddk multiple-comparison
testing) were used for comparisons between 2 groups. Wilcoxon signed-
rank (1-tailed) testing was used for matched pairs. Kruskal-Wallis testing
(with Dunn multiple-comparison testing) was used for comparisons
among 3 groups. Receiver-operating-characteristic analysis was per-
formed using the DeLLong method reporting area under the curve (AUC),
95% Cls, and P value. Sensitivity and specificity were reported for the
best cutoff point independent of the prevalence determined using the
Youden index. Logistic regression was used to model binary outcome
(predictive accuracy based on a P value cutoff of 0.5). Measurements
were correlated and evaluated using the nonparametric Spearman correla-
tion coefficient (2-tailed). Intersections between volumes were computed
on the basis of the Dice coefficient (Eq. 1) and the Jaccard index. In all
tests, a P value of less than 0.05 was considered statistically significant.

| XNY| -
X[+ Y] 4

RESULTS

Patient Population

Overall, the patient cohort comprised 52 participants (male, 27,
female, 25; age, mean = SD, 51 *+ 16 y) with preoperative '3F-
FET-active glioma (high-grade glioma, 45; low-grade glioma, 5;
not applicable, 2) and available neuropathologic classification
(Fig. 1; Table 1). Molecular data of IDH mutation (IDH-mutated,

TABLE 1
Characteristics of Patient Cohort

Characteristic Data
Participants 52
Age (mean = SD iny) 51+16
Sex

Male 27

Female 25
IDH mutation status

Positive 21

Negative 31

Not applicable 0
MGMT promoter methylation status

Positive 27

Negative 18

Not applicable 7
ATRX loss

Positive 13

Negative 33

Not applicable 6
LOH1p/19qg

Positive 10

Negative 20

Not applicable 22

Data are number, except for age.

IDH MuUTATION AND METABOLIC HETEROGENEITY  *

40%, IDH wild-type, 60%), MGMT promoter methylation (MGMT-
positive, 52%; MGMT-negative, 35%; unknown, 13%), LOH1p/19q
(LOH1p/19g-positive, 19.2%; LOH1p/19g-negative, 38.5%; unknown,
42.3%), and ATRX loss (ATRX-positive, 25%; ATRX-negative,
63%; unknown,12%) were determined. CNS WHO grade 4 tumors
were predominantly IDH wild-type (93%), whereas most WHO
CNS grade 2-3 tumors were IDH-mutated (86%). IDH-mutated
gliomas included both astrocytoma (48%) and oligodendroglioma
(52%). The study cohort comprised a case of diffuse pediatric-type
high-grade glioma in an adult patient. A detailed overview of the

304 = 0.6
T 1 g2 ¥
g £ 1 50
2 20 8 0.4
2 ] * W ]
= - j=) 4
10 |7_I 8 0.2
0 rT_I ’-!__I T 0.0 T T T
CE FET T2w FET FET T2W
CE T2W CE

FIGURE 2. Volumetric analysis in multimodal 'F-FET PET/contrast-
enhanced MRI. (A) Automated segmentation based on '®F-FET PET,
contrast-enhancing, and T2-weighted lesion volume in multimodal data-
set of patient with glioblastoma IDH wild-type (CNS WHO grade 4,
MGMT-negative, ATRX-negative; arrowheads) is illustrated. (B and C) In
intrasubject comparison, MTVg, was greater than contrast-enhancing
lesion volume (P = 0.046, n = 30). Furthermore, intersection or overlap
between T2-weighted lesion volume and MTVgo was greater than its over-
lap with contrast-enhanced MRI (P = 0.038, n = 30). Dice coefficients
presented low to moderate degree of overlap or similarity between respec-
tive volumes, although MTVg, and contrast-enhancing lesion volume
showed highest concordance (C). Data are median = IQR. *P < 0.05.
SEG = segmentation.
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molecular stratification is available in Supplemental Table 1 (sup-
plemental materials are available at http://jnm.snmjournals.org).

Comparison of Volumetric Attributes in Preoperative Glioma

MTVg, from '8F-FET PET was greater than contrast-enhancing
lesion volume (median, 3.87 cm® [interquartile range (IQR), 5.47]
vs. 3.00 cm® [IQR, 4.66], P = 0.046, n = 30, Kendall W statistic,
—165) in intrasubject comparison (Fig. 2). Correspondingly, the
intersection of T2-weighted lesion volume with MTVg, was
greater than its overlap with contrast-enhancing lesion volume
(median, 0.189 [IQR, 0.327] vs. 0.125 [IQR, 0.262], P = 0.038,
n = 30, Kendall W statistic, —173) as determined by the Dice
coefficient. T2-weighted lesion volume showed the greatest dimen-
sions and variability because of perilesional edema and diffuse infil-
tration. Volume intersections between MTVy, contrast-enhancing
lesion volume, and T2-weighted lesion volume presented a low to
moderate degree of overlap or similarity (Fig. 2C), although MTVy,
and contrast-enhancing lesion volume (Dice coefficient; median,
0.455 [IQR, 0.372]) presented the greatest concordance and were
weakly correlated (Spearman rank correlation coefficient, 0.38;
P =0.038).

Association Between Molecular Status and CU Characteristics

IDH-mutated tumors presented a greater volumetric CU ratio
(median, 7.84 [IQR, 5.20, n = 21] vs. 3.92 [IQR, 2.32, n = 31],
P < 0.001, U = 76) and SUV CU ratio (median, 0.781 [IQR,
0.024, n = 21] vs. 0.768 [IQR, 0.022, n = 31], P = 0.032, U =
185) than IDH wild-type, as demonstrated in Table 2. For further
evaluation of the volumetric CU ratio, the clinical cohort was ran-
domly split into an independent model-building-and-assessment
dataset based on neuropathologic IDH classification. Excellent
diagnostic performance for the differentiation between IDH geno-
type (Fig. 3E) was apparent in the model-building dataset (AUC
+ SE, 0.86=0.09; P < 0.001; 95% CI, 0.66-0.96; IDH wild-
type, 16; IDH-mutated, 10), which determined an optimal thresh-
old of 5.43 (sensitivity, 80%; specificity, 88%; accuracy, 81%)
based on the Youden index. This was then confirmed in the inde-
pendent evaluation dataset (AUC * SE, 0.89 +0.06; P < 0.001;
95% CI, 0.70-0.98; IDH wild-type, 15; IDH-mutated, 11) applying
the previously determined threshold of 5.43 for IDH-mutated (sensi-
tivity, 91%; specificity, 87%; accuracy, 88%) with similar results for
the entire cohort (AUC = SE, 0.88 = 0.05; P < 0.001; 95% CI,
0.76-0.96). As shown in Figures 3A—-3D, IDH-mutated tumors pre-
sented a greater peripheral metabolic compartment (corresponding to

ROlgp) than IDH wild-type (median, 5.33 [IQR, 7.47, n = 21] vs.
2.78 [IQR, 4.94, n = 31], P = 0.045, U = 218), whereas no differ-
ence for the central metabolic compartment was apparent (P >
0.05). MTVg4, and MTV were not suitable for IDH classification
(P > 0.05). A low correlation between volumetric CU ratio was
observed for MTVg, (Spearman rank correlation coefficient, 0.356;
P = 0.01) but not for MTV (P > 0.05). With a more conservative
thresholding method, MT Vg, underestimated the total tumor volume
compared with the clinically established MTV (median, 4.95 cm®
[IQR, 7.46] vs. 7.75 co® [IQR, 10.77]; P = 0.018; n = 52; Kendall
W statistic, 460). SUV CU ratio (AUC = SE, 0.72£0.08; P =
0.005; accuracy, 67%) and target-to-background ratio (AUC * SE,
0.68 £0.07; P = 0.016; accuracy, 63%) achieved modest diagnos-
tic power, although the performance of target-to-background ratio
was inferior to that of volumetric CU ratio (difference in AUC =
SE, 0.203 = 0.080; P = 0.01).

Comparisons between IDH-mutated oligodendroglioma (n = 11),
IDH-mutated astrocytoma (n = 8), and IDH wild-type glioblastoma
(n = 25) with regard to target-to-background ratio (P > 0.05;
Kruskal-Wallis test, 4.125), SUV CU ratio (P = 0.028; Kruskal-
Wallis test, 7.163; adjusted P > 0.05), and volumetric CU ratio
(P < 0.001; Kruskal-Wallis test, 18.55) demonstrated that IDH
wild-type glioblastoma presented lower volumetric CU ratios than
IDH-mutated oligodendroglioma (median, 3.88 [IQR, 1.97] vs. 8.75
[IQR, 7.21]; P < 0.001; mean rank difference, 17.40) with a classifi-
cation threshold (AUC = SE, 0.88 = 0.07; P < 0.001; 95% CI,
0.73-0.96; sensitivity, 82%; specificity 88%; accuracy, 81%) at
5.26 (based on the Youden index) and IDH-mutated astrocytoma
(median, 3.88 [IQR, 1.97] vs. 7.89 [IQR, 2.17]; P = 0.007; mean
rank difference, 16.01) with the same classification threshold (AUC
+ SE, 0.89£0.09; P < 0.001; 95% CI, 0.73-0.97; sensitivity,
88%; specificity 88%; accuracy, 82%) at 5.26 (based on the You-
den index). No differences between IDH-mutated astrocytoma
and oligodendroglioma were apparent (P > 0.05). Supplemental
Table 2 provides further details.

Molecular classification of LOH1p/19q (AUC = SE, 0.75 = 0.11;
P = 0.019; accuracy, 67%), MGMT promoter methylation (AUC =
SE, 0.70 £0.08; P = 0.011; accuracy, 64%), and ATRX loss
(AUC = SE, 0.73 = 0.08; P = 0.004; accuracy, 74%) were addition-
ally evaluated using volumetric CU ratio (Fig. 3F).

DISCUSSION

We introduced a noninvasive metabolic imaging biomarker
for the assessment of metabolic reprogramming in gliomas and

TABLE 2
Diagnostic Measures from '8F-FET PET for IDH Classification
Mann-Whitney U test ROC
Mean rank Sensitivity ~ Specificity
Metric Adjusted P difference U P AUC = SE  95% ClI  Threshold (%) (%)
Volumetric CU ratio <0.001 —19.93 76 <0.001 0.88*+0.05 0.76-0.96 >5.49 86 90
MTVeo >0.05 —6.430 245 >0.05 0.62*+0.08 0.48-0.75 —
MTV >0.05 -1.717 304 >0.05 0.53*=0.09 0.39-0.67 —
SUV CU ratio 0.032 —-11.22 185 0.005 0.72*+0.08 0.57-0.83 >0.77 76 71
Target-to-background >0.05 9.386 208 0.016 0.68+0.07 0.54-0.80 =2.73 76 58
ratio

ROC = receiver operating characteristic.
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FIGURE 3. Evaluation of volumetric CU ratio for differentiation between IDH mutation status. (A and
B) Representative cases of IDH-mutated high-grade astrocytoma (CNS WHO grade 3) (A) and IDH-
mutated low-grade oligodendroglioma 1p/19q codeleted (CNS WHO grade 2) (B) are illustrated with
8F-FET PET/magnetization-prepared rapid gradient echo fusion image and 3-dimensional rendering,
respectively, demonstrating increased volumetric CU ratio (ROlgo/ROlgp). (C and D) In contrast, IDH
wild-type presented low volumetric CU ratio as shown in glioblastoma IDH wild-type (CNS WHO
grade 4). (E and F) Genotyping of IDH mutation status using CU ratio based on receiver-operating-
characteristic analysis: volumetric CU ratio demonstrated robust diagnostic performance for differenti-
ation between IDH-mutated and IDH wild-type tumors in independent model-building (training)
dataset (AUC, 0.86 + 0.09; P < 0.001; 95% Cl, 0.66-0.96; IDH wild-type, 16; IDH-mutated, 10) with
threshold > 5.43 (sensitivity, 80%, specificity, 88%) and evaluation (testing) dataset (AUC, 0.89 =+ 0.06;
P < 0.001; 95% ClI, 0.70-0.98; IDH wild-type, 15; IDH-mutated, 11) as well as in entire study cohort
(AUC, 0.88 = 0.05; P < 0.001; 95% ClI, 0.76-0.96) (E); in addition, differentiation between LOH1p/19q
status, MGMT promoter methylation status, and ATRX loss was evaluated, presenting moderate diag-
nostic performance (P < 0.05) (F).

Gene expression in glioma is known to
be spatially distinct, for example, present-
ing differential upregulation of tyrosine
aminotransferase—where increased expres-
sion in the tumor core as opposed to the
periphery was reported—and a correspond-
ing activation of the tyrosine metabolism
(14). Because of this differential expression
and metabolism, the IDH genotype, which
is a critical regulator of both glucose and
amino acid metabolism (/5), was deter-
mined in an indirect bottom-up approach in
the current study. Interestingly, LOH1p/19q,
MGMT promoter methylation, and ATRX
loss were differentiated by spatial metabolic
patterns—although diagnostic performance
was moderate—suggesting indirect associa-
tions. Similar to results from previous meta-
bolic imaging studies (/6—18), the averaged
"8E_FET uptake differentiated IDH geno-
type with modest diagnostic performance—
inferior to the volumetric CU ratio. MT Vg
and MTV were not suitable for differentia-
tion between IDH genotypes, but a weak
correlation between MTVy, and volumetric
CU ratio was observed. CU characteristics
may also be determined as a ratio of total
(summed) uptake (instead of volume) or
may be accessible from histogram analysis.
Although IDH-mutated astrocytoma and
oligodendroglioma are considered distinct
tumor entities, both could be independently
differentiated from IDH wild-type glioblas-
toma at the same threshold, further suggest-
ing that the volumetric CU ratio reflects
metabolic reprogramming dependent on the
IDH genotype. We could not observe
increased uptake in IDH-mutated oligo-
dendroglioma compared with IDH-mutated
astrocytoma, as suggested in previous stud-
ies (17,19)—likely because of the relatively
low number of these tumors in the cohort.
When metabolic compartments were com-
pared between IDH-mutated and IDH wild-
type glioma, only the peripheral compartment
was increased in IDH-mutated tumors, which

demonstrated its diagnostic potential for the predictive genotyping
of IDH mutation status by characterizing the spatially heteroge-
neous amino acid metabolism in a patient cohort with preoperative
glioma. First, we showed that the MTVy, in '8F-FET PET is dis-
tinct from contrast-enhanced MRI, which is the clinical standard
for the initial diagnosis, biopsy targeting, and surveillance of brain
tumors. Furthermore, MTVy, presented greater dimensions than
contrast-enhanced MRI, which is known to underestimate tumor
margins because of diffuse infiltration beyond areas of blood—brain
barrier impairment (/2,13). Exploiting the cancer amino acid metab-
olism, we proposed the volumetric CU ratio as a biologic determi-
nant for the assessment of CU characteristics, which determined
IDH mutation status in this cohort of treatment-naive glioma patients
with excellent diagnostic accuracy, suggesting a central role for non-
invasive genotyping before surgical intervention.

IDH MuUTATION AND METABOLIC HETEROGENEITY  *

corresponded to a visually apparent heterogeneous uptake observed
in some tumors.

IDH Genotyping Using Advanced Imaging

Determination of the IDH mutation status from conventional
MRI is difficult, although IDH-mutated, LOHI1p/19g-negative
low-grade gliomas were reported to present T2-weighted or fluid-
attenuated inversion recovery mismatch (20), which has low sensi-
tivity (42%) but high specificity (nearly 100%) for this distinct
entity. It must, however, be noted that dysembryoplastic neuro-
epithelial tumors were also reported to exhibit this imaging charac-
teristic (27). Previous research efforts focused predominantly on
measurement of D-2-hydroxyglutarate using MR spectroscopy
(22-206), but its clinical implementation has been limited by low
spatial resolution (voxel size > 1 cm®) and signal-to-noise ratio,

Lohmeier et al. 1687



as well as the propensity to artifacts, particularly in the posttreat-
ment setting. Moreover, p-2-hydroxyglutarate MR spectroscopy
requires off-line postprocessing, currently impeding more wide-
spread implementation. Of note is that single-voxel MR spectros-
copy depends on the accuracy of the voxel placement in often
heterogeneous tumors. Diffusion MRI was shown to correspond to
the IDH genotype in CNS WHO 2 and 3 gliomas (27); however,
modest diagnostic power for the differentiation of IDH mutation
status was apparent using both single- and multiple-shell imaging.
A study by Lohmann et al. (28) using '®F-FET PET radiomics
suggested that the combined biparametric analysis of conventional
uptake parameters with additional textural features can achieve a
similar diagnostic accuracy (as reported here); nonetheless, tex-
tural feature analysis is a complex and time-demanding approach,
which suffers from well-known issues of restricted generalizabil-
ity, overfitting, or other methodologic flaws (29). Experimental
advanced imaging techniques, such as chemical exchange satura-
tion transfer (30) or hyperpolarized *C-MRI (31), were also dem-
onstrated to show correspondence to the IDH genotype, but clinical
implementation is currently challenging. In contrast, the current
study’s approach demonstrated robust IDH classification based on
static '®F-FET PET without the need for complex analysis.

Clinical Relevance of Biomarker-Driven IDH Classification

The IDH genotype is a clinically important marker for molecu-
lar targeting, surgical planning, and individual prognosis (5). With
the paradigm shift to molecular markers in clinical management of
CNS cancer, there is a great clinically unmet need for noninvasive
biomarker-driven classification. In clinical settings where limited
tissue specimens are obtained, such as in stereotactic minimally
invasive MRI-guided laser ablation or laser interstitial thermal
therapy (32), an additional clinical benefit is expected. Molecular
stratification before surgical intervention provides opportunities
for more effective individualized neoadjuvant therapeutic strate-
gies, an important topic in multimodal cytoreductive therapy because
IDH-mutated gliomas are associated with better outcomes from
radiochemotherapy (2,3). Furthermore, an imaging biomarker—driven
classification aids the identification of patients with an increased risk
of recurrence, allowing for earlier and more aggressive treatment
regimens.

Limitations

General conclusions should be drawn with caution because of the
retrospective nature of this study. Further research with larger multi-
center cohorts (with different scanners and reconstruction settings)
and a prospective study design is required. The CU ratio using iso-
contouring may be sensitive to spatial image resolution and PET
scanner variability. Subsequent investigations should evaluate the
impact of different spatial resolutions and PET scanners, incorporat-
ing harmonization techniques (e.g., scanner-specific calibration
phantoms or image postprocessing methods) and sensitivity analyses,
thereby improving generalizability and clinical applicability.

Findings from the current study are restricted to '8F-FET-active
tumors (76% of confirmed preoperative glioma with available
imaging in the current study). In PET photopenic CNS cancer,
advanced imaging techniques, such as MR spectroscopy, chemical
exchange saturation transfer, or diffusion MRI, would certainly
provide supplementary information, which should also be investi-
gated in multimodal and multiparametric research for IDH geno-
typing—with potential to obviate a preceding biopsy. Furthermore,
diffuse and multifocal tumor manifestations may result in divergent
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metabolic and molecular signatures. The current cohort comprised
a mixed patient population, which is reflective of the situation in
clinical practice. A study population with the same histologic sub-
type could provide greater comparability at the cost of restricted
generalizability; nonetheless, our results suggest that the CU ratio
reflects metabolic reprogramming independent of tumor entity. Of
particular note is that former IDH-mutated glioblastomas are classi-
fied as astrocytoma CNS WHO grade 4 and that oligodendroglio-
mas are genetically defined by IDH mutation and LOHI1p/19q
according to the 2021 WHO classification (7). Although the deter-
mined isocontouring thresholds achieve plausible segmentation
into central and peripheral metabolic compartments, an immunohis-
tochemical correlation and further optimization of thresholds based
on tissue specimens merit further research. Future studies should
investigate response assessment of IDH-targeted therapy, as well as
CU characteristics in other IDH mutation—associated tumors, includ-
ing acute myeloid leukemia, cholangiocarcinoma, or chondrosarcoma.
Multilateral interactions between cancer metabolism, oncogenic path-
ways, and the tumor microenvironment, particularly interactions
between cancer, immune, and neuronal cells, are further areas for
future studies.

CONCLUSION

The IDH genotype has a significant impact on the diagnosis and
treatment of glioma. We proposed parametric '8F-FET PET as a
noninvasive metabolic biomarker for the classification of IDH
genotype—with critical implications for clinical management and
the diagnostic workup of patients with CNS cancer.
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KEY POINTS

QUESTION: Is the IDH genotype—a critical regulator of glucose
and amino acid metabolism—associated with a distinct metabolic
phenotype in amino acid PET?

PERTINENT FINDINGS: Fifty-two patients with preoperative
glioma were retrospectively investigated using static "®F-FET PET.
Metabolic tumor volume was distinct and presented greater
dimensions than contrast enhancement, which is known to
underestimate tumor margins. Evaluation of compartmental
"8E_FET uptake characteristics determined IDH genotype with
excellent diagnostic performance, establishing a critical association
between spatial metabolic heterogeneity, mitochondrial tricarboxylic
acid cycle, and genomic features. Molecular classification of
LOH1p/19g, MGMT promoter methylation, and ATRX loss by
spatial metabolic patterns was possible, suggesting indirect
associations with tyrosine metabolism.

IMPLICATIONS FOR PATIENT CARE: We proposed parametric
"8F_FET PET as a noninvasive metabolic biomarker for the
classification of IDH genotype before surgical intervention, with
implications for clinical management and the diagnostic workup
of patients with glioma.
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Correlation of SUV on Early Interim PET with
Recurrence-Free Survival and Overall Survival in
Primary Operable HER2-Positive Breast Cancer

(the TBCRC026 Trial)
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Predictive biomarkers of response to human epidermal growth factor
receptor 2 (HER2)-directed therapy are essential to inform treatment
decisions. The TBCRCO026 trial reported that early declines in tumor
SUVs corrected for lean body mass (SULmay) on '8F-FDG PET/CT pre-
dicted a pathologic complete response (pCR) to HER2 therapy with
neoadjuvant trastuzumab and pertuzumab (HP) without chemotherapy
in estrogen receptor (ER)-negative, HER2-positive breast cancer. We
hypothesized that '®F-FDG PET/CT SULmnax parameters would predict
recurrence-free survival (RFS) and overall survival (OS). Methods:
Patients with stage Il/Ill ER-negative, HER2-positive breast cancer
received neoadjuvant HP (n = 88). pCR after HP alone was 22%
(18/83), additional nonstudy neoadjuvant therapy was administered in
28% (25/88), and the majority received adjuvant therapy per physician
discretion. '®F-FDG PET/CT was performed at baseline and at cycle 1,
day 15 (C1D15). RFS and OS were summarized using the Kaplan—
Meier method and compared between subgroups using logrank tests.
Associations between '8F-FDG PET/CT (=40% decline in SULmax
between baseline and C1D15, or C1D15 SULax = 3) and pCR were
evaluated using Cox regressions, where likelihood ratio Cls were
reported because of the small numbers of events. Results: Median
follow-up was 53.7 mo (83/88 evaluable), with 6 deaths and 14 RFS
events. Estimated RFS and OS at 3y was 84% (95% Cl, 76%-92%)
and 92% (95% Cl, 87%-98%), respectively. A C1D15 SULa« Of 3 or
less was associated with improved RFS (hazard ratio [HR], 0.36; 95%
Cl, 0.11-1.05; P = 0.06) and OS (HR, 0.14; 95% CI, 0.01-0.85; P =
0.03), the latter statistically significant. The association of an SULax
decline of at least 40% (achieved in 59%) with RFS and OS did not
reach statistical significance. pCR was associated with improved RFS
(HR, 0.25; 95% ClI, 0.01-1.24; P = 0.10) but did not reach statistical
significance. Conclusion: For the first time, we report a potential asso-
ciation between a C1D15 SULmay of 3 or less on '®F-FDG PET/CT and
RFS and OS outcomes in patients with ER-negative, HER2-positive
breast cancer receiving neoadjuvant HP alone. If confirmed in future

Received Apr. 12, 2023; revision accepted Jul. 6, 2023.

For correspondence or reprints, contact Roisin Connolly (roisin.connolly@
ucc.ie) or Maeve Hennessy (122108045@umail.ucc.ie).

Published online Aug. 31, 2023.

COPYRIGHT © 2023 by the Society of Nuclear Medicine and Molecular Imaging.

1690

studies, this imaging-based biomarker may facilitate early individualiza-
tion of therapy.

Key Words: FDG PET/CT; HER2-positive; breast cancer; biomarkers;
neoadjuvant
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The current standard of care for patients with stage II-III
human epidermal growth factor receptor 2 (HER2)—positive breast
cancer is neoadjuvant chemotherapy in combination with HER2-
directed therapy. This approach has resulted in improved surgical
outcomes and high rates of pathologic complete response (pCR),
an accepted surrogate endpoint for survival outcomes (/—4). Addi-
tionally, this strategy offers the opportunity to adapt postoperative
treatment based on the response to the therapy (5—7). Excellent pro-
gress has undoubtedly been made in the treatment of this disease;
however, the neoadjuvant approach is not without potential adverse
effects. It is recognized that there may be subgroups of patients
who need this aggressive standard approach and others who may
be cured with less intensive regimens with fewer short- and long-
term toxicities. Thus, predictive biomarkers of response to therapy
are urgently needed to help tailor treatment recommendations.
Ongoing efforts are investigating a more individualized approach
to care. The use of early '®F-FDG PET/CT to predict breast cancer
treatment response has been of increasing interest (8,9). The
TBCRC026 study examined dual HER2 therapy with neoadjuvant
trastuzumab and pertuzumab (HP) without chemotherapy in pri-
mary operable estrogen receptor (ER)-negative, HER2-positive
breast cancer and reported pCR rates of 22%. Early changes in
tumor SUVs corrected for lean body mass (SUL,,,) on '8F-FDG
PET/CT predicted pCR to neoadjuvant HP alone, suggesting that
this may serve as a potential imaging biomarker of response to
therapy (/0). Indeed, the preoperative period has been recognized
as an ideal setting for evaluating surrogate biomarkers for the

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 + November 2023



prediction of treatment response, and there is a growing body of
evidence to support imaging biomarkers in HER2-positive disease
(11-13). Few studies, however, have examined the relationship
between metabolic response on '8F-FDG PET/CT after neoadju-
vant dual HER2 therapy and long-term patient outcomes.

We thus hypothesized that predefined '*F-FDG PET/CT SUL .y
parameters would be associated with improved recurrence-free
survival (RFS) and overall survival (OS) in patients with primary
operable ER-negative, HER2-positive breast cancer receiving
neoadjuvant HER2-directed therapy. To test this hypothesis, we per-
formed a secondary planned biomarker analysis of the TBCRC026
clinical trial dataset.

MATERIALS AND METHODS

Study Design

TBCRC026 was a single-arm multicenter trial investigating biomarkers
of response to preoperative HER2-directed therapy without chemotherapy
(Supplemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org) (/0). The primary objective was to correlate baseline
and early percentage change (by cycle 1, day 15 [C1D15]) in SUL,,,« on
8F_.FDG PET/CT of the primary breast cancer with pCR after 4 cycles
of neoadjuvant HP, without chemotherapy. The institutional review board
approved this study, and all patients gave written informed consent.

Pertuzumab (840-mg loading dose, then 420 mg) and trastuzumab
(8 mg/kg loading dose, then 6 mg/kg) were administered intravenously

every 3 wk. '8F-FDG PET/CT was performed at baseline and at 15 d
after commencement of HP (C1D15). Further neoadjuvant nonstudy
therapy (chemotherapy or HER2-directed therapy) was administered
as per physician discretion, if there was an incomplete response or dis-
ease progression on initial therapy (/0). Tumor biopsy was undertaken
to histologically confirm residual disease, before additional treatment.
Any patient who received additional systemic therapy by definition
was classified as not achieving pCR after HP alone, per the study pro-
tocol. Postoperative systemic therapy and radiation per the standard of
care were recommended. All patients regardless of pCR status were
recommended to undergo adjuvant chemotherapy if this was not
received preoperatively, as per the standard of care.

Eligibility criteria included women 18 y or older with untreated,
histologically confirmed infiltrating carcinoma of the breast, clinical
stage T2—4(a—c), any N, M0, and tumors expressing ER of no more
than 10% and being HER2-positive, by local pathology review
(14,15). The participants agreed to study-specific procedures including
2 serial '8F-FDG PET/CT scans.

8F-FDG PET/CT Procedures
8F_FDG PET/CT was performed at baseline and at C1D15, with a
3-d window permitted, according to a detailed imaging manual pub-
lished previously (/0). Administration of intravenous 'SF-FDG was fol-
lowed by a 60-min uptake phase, with subsequent '*F-FDG PET/CT
imaging from the mid skull to the mid femur. All procedures were con-
ducted in conformance with the '®F-FDG PET/CT uniform protocol for
imaging in clinical trials and the profile of the Radiologic Society of
North America Quantitative Imaging Biomar-
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n=88
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» Withdrew Consent
n=4 +
» Incomplete Data
= n=1
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analysis
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| |
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n=17 response & Surgery directly post study
+ Mo confirned additional preoperative therapy (HP)
residual tumor therapy n=58
n=3 n=25
»  Clinical
progression
n=4
»  Other
n=1 l
Surgery
n=83

kers Alliance (/6,17). Images were assessed
centrally, with reviewers masked to clinical
information.

SUL ..« rather than SUV was recorded, as
the former is less weight-dependent than the
latter and has been shown to be more consis-
tent in normal tissues among individuals.
The primary breast cancer lesions were mea-
sured by placing a spheric volume over the
target area, with avoidance of surrounding
normal tissue, and recording the SUL,,,,.

Statistical Analysis

The secondary preplanned endpoints re-
ported here include the correlation of, first,
at least a 40% decline in SUL,,,, between
baseline and CIDI15 and, second, a C1D15
SULax Of 3 or less on 'F-FDG PET/CT
with RFS and OS. RFS was defined as the
interval from the date of the first cycle of
treatment to ipsilateral invasive breast tumor
recurrence, locoregional recurrence, distant
recurrence, or death of any cause, whichever
occurred first. OS was defined as the interval

pCR
n=18

Mo pCR
n=65

from the date of the first cycle of treatment
to death (18). Both RFS and OS were cen-

sored at the last study contact if no events
were observed.

|
| I

l l To be evaluable for this analysis, partici-

Adjuvant chemotherapy plus Adjuvant chemotherapy plus
HERZ2 directed therapy HER2 directed therapy

s Adjuvant Adjuvant e,
n=§ RT ET n=40
Adjuvant HERZ2 directed n=10 n=2 Adjuvant HER2 directed

therapy alone
n=12

therapy alone
n=21

pants had to have both baseline and C1D15
8F_.FDG PET/CT performed; SUL,,,x, RFS,

Adjuvant Adjuvant
_,,Ta? f:s and OS data collected; and pCR status after

HP (without chemotherapy) evaluated. pCR

was determined in the surgical specimen and

FIGURE 1.
therapy.
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Study flowchart indicating therapies received. RT = radiotherapy; ET = endocrine

defined as no viable invasive cancer in the
breast and axilla (local pathology review)
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TABLE 1
Patient Characteristics (Evaluable Population, n = 83)

Characteristic Data
Age (y)

Median 58

Range 29-82
Race

White 70 (84)

Black 7 (8)

Other 6 (7)
Menopausal status

Premenopausal 27 (33)

Postmenopausal 56 (67)
ECOG performance status

0 72 (87)

1 11 (13)
Tumor size (cm)

Median 3.9

Range 2-15
Baseline clinical stage

I 71 (86)

n 12 (14)
Tumor grade

2 20 (24)

3 63 (76)
Baseline ER status

<1% 72 (87)

1%-10% 11 (13)
Additional neoadjuvant therapy 25 (30)

Taxane-based 7 (28)

Carboplatin/taxane 15 (60)

Anthracycline-based 2 (8)

HER2-directed 1(4)
Surgery

Mastectomy 46 (55)

Breast-conserving therapy 29 (35)

Not applicable 8 (10)
pCR

Yes 18 (22)

No 65 (78)
Adjuvant chemotherapy 46 (55)

Taxane-based 21 (46)

Carboplatin/taxane 17 (40)

Anthracycline-based 8(17)

Adjuvant HER2-targeted therapy 79 (95)

Trastuzumab 56 (67)

HP 22 (27)

Trastuzumab emtansine 1(1)
Adjuvant radiotherapy

Yes 47 (57)

No 36 (43)
Adjuvant endocrine therapy

Yes 7(8)

No 76 (92)

ECOG = Eastern Cooperative Oncology Group.
Data are number and percentage, except for age and tumor size.

after HP without chemotherapy. Participants with residual disease after
12 wk of HP or clinical progression on HP were classified as non-pCR.

RFS and OS were summarized using the Kaplan—-Meier methods
and were compared between subgroups using logrank tests. Their
associations with '8F-FDG PET/CT (=40% decline in SULy,y
between baseline and C1D15, or C1D15 SUL,.x = 3) and pCR were
evaluated using Cox regressions, with likelihood ratio Cls being
reported because of small event numbers.

RESULTS

Patient and Treatment Characteristics

Patient clinicopathologic characteristics were previously de-
scribed and are available in Supplemental Table 1 (/0). In sum-
mary, 88 women were enrolled from January 2014 to August
2017; 83 were evaluable for the survival analysis. Eighty-five per-
cent of participants completed all 4 cycles of neoadjuvant HP.
Twenty-five patients (28%) received additional nonstudy therapy
neoadjuvantly and were classified as not obtaining pCR (Table 1).
In 22% (18/83) of patients, pCR was observed after 4 cycles of
HP alone.

Adjuvant therapy was advised as per the standard of care, and a
summary of treatments received is available in Figure 1 and Table 1.
There were 22 patients who received no adjuvant or neoadjuvant
chemotherapy because of patient or physician preference. Most parti-
cipants received adjuvant HER2-directed therapy (79/83; 95%),
including trastuzumab (n = 56; 67%), HP (n = 22; 27%), and, in 1
patient with residual disease, adjuvant trastuzumab emtansine, which
was not available for this indication in the earlier years of the study.
Adjuvant radiation was completed by 57% (47/83), and adjuvant
endocrine therapy by 8% (7/83) (Table 1). This was in keeping with
the study eligibility criteria, which permitted enrollment of patients
with tumors expressing ER of no more than 10%.

RFS and OS Analyses

The median follow-up was 53.7mo, with 6 deaths and 14 RFS
events occurring. The estimated RFS at 3y was 84% (95% CI, 76%—
92%), and the estimated OS at 3y was 92% (95% CI, 87%-98%).
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FIGURE 2. RFS by pCR.
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Correlation of SUL,,,., with OS and RFS

0.50

Survival probability

Evenl-frae probability
=
2

P =006 P =003

A summary of baseline and C1DI5
SUL ax has been previously reported and
is available for reference in Supplemental
Table 1. Regarding the association of
SUL max on '8F-FDG PET/CT and survival
outcomes, achieving an SUL,,,« of 3 or
less by CIDI5 was associated with an
improved RFS, although not statistically
significant (HR, 0.36; 95% CI, 0.11-1.05;
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P = 0.06). The 3-y RFS probability was
91% (95% CI, 83%—-100%) in those with a
C1D15 SUL,,,x of 3 or less, versus 74%
(95% CI, 60%—90%) in those who did not
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achieve an SUL,,,, of 3 or less. Interest-

FIGURE 3.

RFS events included 1 locoregional recurrence and 13 distant
recurrences. The most common sites of distant relapse were lung
(n = 4) and liver (n = 2). One patient relapsed with intracranial
disease and with liver and bone involvement, and 1 patient devel-
oped bone-only disease. Of patients experiencing an RFS event,
most (8/14, 57%) were lymph node—positive at baseline and all had
at least T2 tumors with a median size of 3.5 cm—tumor character-
istics indicating a higher-risk disease. Most events were in patients
who did not achieve pCR (13/14, 93%) and occurred despite the
majority’s (10/14, 71%) receiving a complete course of adjuvant or
neoadjuvant chemotherapy in addition to study therapy (HP). In
terms of HER2-targeted therapy, most patients with RFS events
received trastuzumab monotherapy in the adjuvant setting (8/14,
57%), with the addition of pertuzumab to trastuzumab in 3 patients
and trastuzumab emtansine in 1 patient. Only one of these recur-
rence events, and subsequent death, occurred in a patient who had
achieved a pCR after HP alone.

In keeping with the prognostic value of obtaining a pCR in pub-
lished neoadjuvant breast cancer studies, pCR was associated with
improved RFS (hazard ratio [HR], 0.25; 95% CI, 0.01-1.24; P =
0.10) and OS (HR, 0.65; 95% CI, 0.03-4.06; P = 0.69), although
the observed trends did not reach statistical significance at this
early point in the study (Fig. 2).

(A) RFS by C1D15 SULmax (=3 vs. >3). (B) OS by C1D15 SULmax (<3 vs. >3).

ingly, this biomarker parameter, achieved
in 57% of patients, was associated with a
statistically significant improvement in OS
(HR, 0.14; 95% CI, 0.01-0.85; P = 0.03). The 3-y OS was 98%
(95% CI, 94%-100%), versus 85% (95% CI, 74%—-98%) in those
who failed to achieve an SUL,,,x of 3 or less (Figs. 3A and 3B).

A similar proportion of patients (59%) achieved an SUL,,«
decline of at least 40% between baseline and C1D15 after starting
therapy. The association between an SUL,,,, decline of at least
40% and RFS (HR, 0.45; 95% CI, 0.15-1.28; P = 0.13) and OS
(HR, 0.62; 95% CI, 0.12-3.37; P = 0.56) did not reach statistical
significance (Figs. 4A and 4B). Finally, the adjusted effect of a
C1D15 SUL,,.x of more than 3 on RFS did not reach statistical
significance in the multivariable Cox regression that included the
clinical variables of age, tumor grade, and tumor size (Table 2).

DISCUSSION

In this updated analysis of the TBCRC026 trial, we have dem-
onstrated an association between a C1D15 SUL,,,« of 3 or less on
BF_FDG PET/CT and improved survival outcomes in patients
with ER-negative, HER2-positive breast cancer receiving neoadju-
vant HER2-directed therapy. Patients receiving HP alone who
achieved an SUL,, of 3 or less on their CIDI5 '8F-FDG
PET/CT experienced improved RFS (HR, 0.36; 95% CI, 0.11—
1.05; P = 0.06) and statistically significantly improved OS (HR,
0.14; 95% CI, 0.01-0.85; P = 0.03), when compared with those
who did not achieve this SUL,,.«. This
C1D15 SUL,,.x was achieved in almost
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60% of patients, suggesting that it may be
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a clinically useful biomarker.

One of the earliest reports suggesting that
8F_FDG PET/CT may be a promising bio-
marker in HER2-positive early breast cancer
was from the NeoALTTO PET substudy,
which prospectively evaluated whether
changes in SUV could predict response to
neoadjuvant anti-HER2 therapy comprising
trastuzumab and lapatinib (/3). Metabolic
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(A) RFS by SULax decline (=40% vs. <40%). (B) OS by SULax decline (=40% vs.

More recently, studies have focused on
neoadjuvant regimens incorporating more
modern HER2-directed regimens including
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TABLE 2
Univariable and Multivariable Analysis of Association of C1D15 SUL,.x of 3 or Less with RFS

Univariable analysis

Multivariable analysis

Variable HR P HR P
C1D15 15 SULpax =3 0.36 (0.11-1.05) 0.06 0.41 (0.12-1.22) 0.1
Age 1.02 (0.98-1.07) 0.3 1.04 (0.99-1.1) 0.16
Grade |l 0.81 (0.27-2.94) 0.7 0.68 (0.22-2.58) 0.55
Baseline tumor size (cm) 1.21 (0.97-1.45) 0.09 1.23 (0.96-1.5) 0.09

Data in parentheses are 95% Cls.

HP and the antibody—drug conjugate trastuzumab emtansine. The
PHERGain phase II trial (» = 356) randomized patients to neoadju-
vant docetaxel, carboplatin, and HP (n = 71, group A) or HP alone
(n = 285, group B). '8F-FDG PET/CT was performed at baseline
and after 2 cycles of treatment (/7). The investigators defined meta-
bolic response after 2 cycles as an SUV decline of at least 40%
from baseline. Approximately 40% of patients who were designated
as metabolic responders and continued dual anti-HER2 therapy
achieved a pCR without the addition of chemotherapy, whereas non-
responders in group B switched to neoadjuvant chemotherapy com-
bined with HP. The study met its first coprimary endpoint (/7). The
phase II PREDIX HER?2 trial found that neoadjuvant therapy with
docetaxel and HP had pCR rates similar to those of the single agent
trastuzumab emtansine. 'SF-FDG PET/CT was performed initially
and after cycles 2 and 6 of neoadjuvant treatment. In a secondary
analysis, a decrease in the SUV,,,, by at least 68.7% (the median
SUV hax decline from baseline to cycle 2) was used as a cutoff and
was associated with pCR in 57% of patients, versus 17% for
patients with an SUV . less than the median (12).

The aforementioned studies differed from TBCRC026 in their
design, with heterogeneous treatment regimens administered, vary-
ing eligibility criteria with regard to ER status, and SUV thresholds
generally ranging from 40% to 60% assessed at varying times after
initiation of therapy. Only the TBCRCO026 trial was designed pro-
spectively to determine the optimum '8F-FDG PET/CT threshold
for response as its primary objective (/0). It is thus clear that further
prospective studies are required to validate '8F-FDG PET/CT as a
biomarker across several standard treatment regimens. If confirmed,
this noninvasive biomarker may be incorporated in future clinical
trials aiming to determine the clinical utility of this approach in
treatment decision-making. This paradigm of biomarker develop-
ment has led to the successful clinical implementation of interim
8F-FDG PET/CT scanning in lymphoma, with an escalated treat-
ment approach being recommended for patients not achieving the
desired '®F-FDG PET/CT response (19,20). The EA1211/DIRECT
trial (NCT05710328), led by the ECOG-ACRIN research group,
will aim to prospectively validate the 40% SUL,,,,, decline threshold
at 15 d after initiation of therapy as the optimum cut point across
standard-of-care HER2-directed neoadjuvant regimens. If this
threshold is validated, future trials may consider a response-guided
treatment strategy, with the goal of changing practice.

Ultimately, for those with early-stage, curable HER2-positive
breast cancer, long-term survival outcomes are the most important
endpoint. We found that pCR after HP alone was associated with
numerically improved RFS; however, this difference did not reach

1694

statistical significance. Whether the prognostic value of pCR in
HER2-positive breast cancer is equivalent if obtained with or
without chemotherapy has been debated (27). In addition to our
single-arm study results, others have observed acceptable long-
term outcomes with HER2-directed therapy alone, suggesting that
achieving a pCR translates into improved outcomes irrespective of
the type of neoadjuvant treatment received (21,22). That a subset
of patients can achieve a pCR and have excellent long-term out-
comes without conventional chemotherapy highlights the need for
identification of robust biomarkers and a careful study design to
select this cohort. This approach is indeed appealing but will
require further validation and clinical utility studies before it can
be incorporated into routine clinical practice.

We acknowledge the limitations of this study, which include the
heterogeneity in the postoperative therapy received and the possible
effect of this heterogeneity on evaluating long-term outcomes. The
C1D15 SUL,.x of 3 or less was associated with significantly
improved OS in the univariable analysis but did not reach statistical
significance in the multivariable analysis. Because this was a sec-
ondary analysis, the study was not adequately powered for the end-
points of RFS and OS, and we therefore await confirmatory studies
with larger patient numbers. We used the absolute SUL,,,, and its
change as our markers of PET metabolic activity, rather than PER-
CIST 1.0. This study was designed before PERCIST was widely
deployed and has identified a larger percentage change for response
evaluation (specific to a breast cancer population) than PERCIST
1.0. In addition, some tumors that were small and not '*F-FDG—
avid in TBCRCO026 might not have been metabolically assessable
by PERCIST 1.0 at baseline. Additional studies using PERCIST
1.0 or a modified PERCIST threshold are warranted, as the PER-
CIST 1.0 responders across a wide range of tumor types appear to
have outcomes superior to nonresponders. The change in SUV or
SUL,,.x appears to be a more reliable technical metric than absolute
SULax, Which can vary by manufacturer and reconstruction
method. Thus, the absolute SUL,,,, threshold would be more diffi-
cult to apply routinely than the relative change metric. Further stud-
ies and technical standardization could help address this concern.

CONCLUSION

To our knowledge, this is the first report of a potential association
between a C1D15 SUL,,,x of 3 or less on '3F-FDG PET/CT after
2 wk of neoadjuvant HP alone and RFS and OS outcomes. If con-
firmed in larger studies, early neoadjuvant interim PET/CT may
become a key tool used to adapt therapy for patients with breast can-
cer in the coming years. Patients demonstrating an early metabolic
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response could potentially be spared additional chemotherapy,
whereas nonresponders could go on to receive intensification of
treatment. The ultimate goal will be to facilitate PET biomarker—
informed early individualization of therapy to maximize efficacy
and minimize toxicity for patients with early-stage HER2-positive
breast cancer. We believe such an approach would be SMART in
that it would allow us to “Scan More And Reduce Therapies.”
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KEY POINTS

QUESTION: We hypothesized that '®F-FDG PET/CT SULax
parameters would predict RFS and OS in patients with early-stage
ER-negative, HER2-positive breast cancer receiving HP without
chemotherapy.

PERTINENT FINDINGS: Patients underwent '8F-FDG PET/CT at
baseline and at C1D15. The metabolic endpoint of a C1D15
SULax Of 3 or less was associated with a statistically significant
improvement in OS (HR, 0.14; P = 0.03).

IMPLICATIONS FOR PATIENT CARE: If validated in future
studies, this noninvasive imaging biomarker may facilitate early
adoption of therapy for patients with early-stage HER2-positive
breast cancer, resulting in improved efficacy and reduced toxicity.
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INVITED PERSPECTIVE

3F_FDG PET “Metabolic Response” to Neoadjuvant Systemic
Therapy for Breast Cancer: Quo Vadis?

Geraldine Gebhart

Department of Nuclear Medicine, Institut Jules Bordet, Hopital Universitaire de Bruxelles, Université Libre de Bruxelles,

Brussels, Belgium

In their article in The Journal of Nuclear Medicine, Hennessy
et al. (/) provide mature overall survival data on their neoadjuvant
chemotherapy-free regimen of pertuzumab plus trastuzumab given
to patients with localized human epidermal growth factor receptor
type 2 (HER2)-positive breast cancer, monitored by '8F-FDG
PET/CT, for which they previously reported a 34% pathologic
response rate linked to an SUV (normalized by lean body mass)
decline by at least 40% after 15 d of exposure to dual HER2
blockade.

The paper offers a unique opportunity to discuss the excitement
of the oncology community about neoadjuvant trials, the impor-
tance of evaluating overall survival in addition to pathologic com-
plete response (pCR), and the interest in this approach to explore
treatment deescalation using molecular imaging.

Neoadjuvant systemic therapy has been initially applied as a
downstaging procedure in patients presenting with surgically nonre-
sectable breast tumors or tumors deemed unsuitable for breast
conservation. The interest of the oncology community in this
approach started to grow markedly when it became clear that the
magnitude of response to neoadjuvant chemotherapy was associated
with relapse-free survival (2) and when the seminal NSABP-B18
trial demonstrated similar outcomes for 4 cycles of doxorubicin-
cyclophosphamide given before or after surgery (3).

At the turn of the century, many investigators embarked on the
design and conduct of chemotherapy-based neoadjuvant trials with
the choice of pCR as the primary endpoint for the comparison of
newer, more sophisticated drug regimens. These efforts culmi-
nated in a pooled analysis of 12 trials involving 11,955 patients,
all treated with preoperative cytotoxic drugs (few trials used tar-
geted agents) (4). This analysis robustly confirmed a positive cor-
relation, at the patient level, between pCR and event-free and
overall survival. It also demonstrated that the best definition of
pCR was the lack of invasive tumor in the breast and in the nodes.
Disappointingly, however, pCR could not be proposed as a surrogate
endpoint for event-free or overall survival, since at the trial level,
there was only a marginal association between them. The dream of
an accelerated new drug development for early breast cancer based
on incremental gains in pCR, which can be achieved in a short time
frame contrary to adjuvant trials, was not abandoned: trialists
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remained convinced that with powerful targeted drugs, such as the
anti-HER2 monoclonal antibody trastuzumab, given on top of che-
motherapy, larger differences in pCR would be predictive of better
long-term outcomes at a population level. They embarked on a sec-
ond pooled analysis, this time of 11 trials and 3,710 patients, all with
HER2-positive breast cancer, but again, a weak association was
found between pCR and long-term outcome at the trial level (5). An
important finding, however, was that tumor burden (e.g., tumor size
and nodal status) remains prognostic, even in patients reaching pCR,
who can still experience relapse.

All this historical background has important implications for the
new field of excitement in breast oncology: namely the identifica-
tion of biomarkers able to predict, early on (e.g., after 2-6 wk of
therapy), whether a patient will benefit from the selected drug regi-
men administered preoperatively: the hope, here, is a truly individ-
ualized approach, which will consist either of treatment escalation
or of treatment deescalation based on observed biomarker changes.

18F_FDG PET is the most studied noninvasive and dynamic bio-
marker in this field, but so far, many trials such as Neoaltto (6)
have suffered from the selection of a suboptimal endpoint, pCR,
and from weak statistical power preventing robust correlations
with long-term survival: the latter is what matters to patients, who
will certainly welcome the news of complete tumor disappearance
locally but who will continue to worry about their risk of distant
relapse and death.

Two recent trials for HER2-positive breast cancer represent a
step forward on the path toward chemotherapy deescalation based
on early '8F-FDG PET metabolic responses.

The first is the single-arm U.S. trial TBCRC026 presented by
Hennessy et al. (7). A strength of this trial is that it enrolled a rela-
tively homogeneous population of 88 patients with HER2-positive/
hormone receptor—negative tumors, known to be more addicted to
the HER2 pathway than tumors coexpressing HER2 and hormone
receptors and treated with dual HER2 blockade, namely trastuzu-
mab plus pertuzumab, without chemotherapy and without endo-
crine therapy. With additional follow up, the study demonstrated
that a maximum SUV (normalized by lean body mass) of no more
than 3 at 2 wk was associated with improved relapse-free survival
and overall survival, with the latter being statistically significant.
Although this result is encouraging and underscores the potential
role of molecular imaging in identifying a subgroup of patients
who may safely forego chemotherapy, the trial has weaknesses:
relapse-free survival and overall survival were only secondary end-
points, and postsurgical adjuvant therapy was left at the discretion
of the oncologist; as a result, one third of patients who achieved
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pCR (6/18) nevertheless went on to receive adjuvant chemotherapy
combined with HER2-directed therapy. This leaves some uncer-
tainty regarding the robustness of the '8F-FDG PET response to
predict which patients may indeed be spared chemotherapy.

The second trial (PHERGAIN), conducted in Europe, also chose
8F.FDG PET as an early, dynamic biomarker for the selection of
patients suitable for dual HER2 blockade without chemotherapy (7).
After 2 cycles of combined trastuzumab and pertuzumab given
over 6 wk, 356 patients were randomized 1 to 4 to receive either
standard chemotherapy with trastuzumab-pertuzumab or a biomarker
response adaptive regimen in which a 40% or greater decline in
SUV nax at 6 wk would allow for the continuation of targeted therapy
(trastuzumab-pertuzumab) without chemotherapy until surgery: not
only did these patients achieve an impressive pCR rate of almost
40% (86/227), but with longer follow up, only one local relapse was
documented at a median follow-up of 3y (8). Here, the strengths
include a strict policy for adjuvant therapy, which did not authorize
chemotherapy in pCR patients, and the selection of invasive disease-
free survival as a coprimary endpoint together with pCR, but a
particular feature is that the primary focus is the entire response-
guided arm, which includes patients who went on to receive
chemotherapy in view of their insufficient biomarker response.
Nevertheless, the null hypothesis set by the investigators could be
rejected given the excellent 95.4% invasive disease-free survival
observed in the response-adapted arm (it was required to be
=95%). Of note, the 3-y invasive disease-free survival was 98.3%
in the biomarker-ignorant arm in which all patients received
chemotherapy.

Can we derive lessons from these experiences and foresee new
avenues of progress?

With the need to focus on truly important endpoints, namely
event-free and overall survival, future trials will need to be large
and therefore will require more extensive international collabora-
tion. Standardization of PET imaging techniques among trial cen-
ters should not be a barrier in the 21st century, with the medical
community claiming an ambition of delivering precision oncologic
therapies.

Further progress could also emerge from the adjunct of circulating
tumor DNA molecular responses to molecular imaging: indeed, a lack
of circulating tumor DNA eradication in the neoadjuvant setting has
been shown to predict a poor outcome (9). However, less than 50%
of patients undergoing neoadjuvant chemotherapy have detectable
circulating tumor DNA in their serum (/0). Another potentially infor-
mative biomarker is represented by tumor-infiltrating lymphocytes,
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which have been reported to complement the value of metabolic
response (/7).

With some extra collaborative efforts, early response assess-
ment with molecular imaging should soon leave the scene of clini-
cal trials and enter routine clinical care.
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High Tumor Uptake on '*F-FDOPA PET/CT Indicates Poor
Prognosis in Patients with Metastatic Midgut Neuroendocrine
Tumors: A Study from the Groupe d’étude des Tumeurs
Endocrines and ENDOCAN-RENATEN Network
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PET/CT with 6-'8F-fluoro-L.-dopa (‘®F-FDOPA) has high diagnostic
performance for midgut neuroendocrine tumors (NETs). We explored
the prognostic role of '®F-FDOPA PET/CT uptake in metastatic midgut
NETs. Methods: We included, in a test cohort (n = 166) and a full
external validation cohort (n = 86), all consecutive patients with metas-
tatic midgut NETs who underwent '8F-FDOPA PET/CT in 5 expert cen-
ters from 2010 to 2021. We measured the maximal uptake (SUVax
and SUVpea) of the tumor and nontumor liver on each '8F-FDOPA
PET/CT scan. We measured overall survival (OS) from the time of
PET/CT and assessed prognostic factors using Kaplan-Meier and
multivariable Cox proportional-hazards analyses in the test cohort,
with replication in the validation cohort. Results: Patients had similar
characteristics in both cohorts. In the test cohort, median follow-up
was 60.3mo. Patients with an SUVpeqc tumor-to-liver (T/L) ratio of
more than 4.2 had significantly shorter survival than those with a ratio
of 4.2 or less (P = 0.01), with a 5-y OS rate of 74.1% * 4.5% versus
95% =+ 3.4%, respectively. On multivariable analysis, an SUVpeqc T/L
ratio of more than 4.2 remained associated with shorter OS (hazard
ratio, 2.30; 95% ClI, 1.02-5.22; P = 0.046) after adjustment for age,
grade, number of previous lines, number of metastatic sites, and
presence of carcinoid syndrome. In the validation cohort, the 5-y OS
rate was 100% versus 57.8% + 12.5% in patients with an SUVeax
T/L ratio = 4.2 or > 4.2, respectively (P = 0.075). An increasing
SUVpeak T/L ratio over time tended to have a pejorative prognostic
impact. Conclusion: Tumor uptake on '8F-FDOPA PET/CT is an
independent prognostic factor in patients with metastatic midgut NETs.

Key Words: neuroendocrine tumors; small intestine; metastases;
8F_FDOPA PET/CT; prognosis
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Neuroendocrine tumors (NETs) are a heterogeneous group of
rare neoplasms with an increasing incidence (/). Midgut NETs are
among the most frequent localizations of NETs and encompass
NETs arising from the jejunum, ileum, appendix, and cecum (/).
They derive from enterochromaffin cells able to produce serotonin
and other hormones and peptides, whose hypersecretion can cause
carcinoid syndrome (2). Apart from appendiceal NETs, 50%—65%
of patients with midgut NETs have distant metastases, mainly in
the liver (3). Nevertheless, because of their relatively slow evolu-
tion, overall survival (OS) is generally prolonged even in cases of
metastases (/). The main prognostic factors for patients with metas-
tatic midgut NETs include metastatic extension, notably extrahe-
patic; tumor volume, including liver involvement; tumor grade
determined by the Ki-67 index; and hormone complications such as
carcinoid heart disease (4,5).

Nuclear medicine plays an important role in the diagnosis, char-
acterization, follow-up, and treatment of metastatic midgut NETs.
%8Ga-labeled somatostatin analogs used for somatostatin receptor
PET/CT have achieved consensus among expert panels as a fore-
front radiopharmaceutical for midgut NETs (6,7). Besides, midgut
NETs have the ability to metabolize the dopamine precursor 3,4-
dihydroxyphenylalanine (DOPA), whose amino acid analog 6-'3F-
fluoro-L-dopa (!8F-FDOPA) is a radiotracer available for PET
imaging. '8F-FDOPA PET/CT has excellent diagnostic performance
for midgut NETs—superior to that of morphologic imaging and
somatostatin-receptor scintigraphy—and yields a significant clinical
impact (8—10). In addition, several recent head-to-head compari-
sons reported that '®F-FDOPA PET/CT has a higher sensitivity than
%8Ga-DOTATOC PET/CT at the lesion scale (/1—15).

Whereas the diagnostic role of '8F-FDOPA PET/CT is now well
described, its prognostic impact has never, to our knowledge, been
explored. The objective of this study was to assess the prognostic
value of tumor uptake on '|F-FDOPA PET/CT in patients with
metastatic midgut NETs.
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MATERIALS AND METHODS

Patients

We performed a retrospective multicentric study under the auspices
of the Groupe d’étude des Tumeurs Endocrines. '*F-FDOPA PET/CT
has been approved and available in France since 2007, whereas *®Ga-
DOTATOC PET/CT was approved in 2017. Because of the superior
performance of '|F-FDOPA PET/CT compared with somatostatin-
receptor scintigraphy ('!'In-chloride [Octreoscan; Curium]) in patients
with metastatic small-intestine NETs (9,10), it has been used routinely
for diagnosis, staging, and restaging.

We reviewed the medical records of all consecutive patients with
midgut NETs and liver metastases who underwent at least one
8E_FDOPA PET/CT scan between January 1, 2010, and January 1,
2021, in 1 of 5 centers of the French NET expert network (ENDO-
CAN-RENATEN). We excluded patients with poorly differentiated
neuroendocrine carcinoma and those without a '*F-FDOPA PET/CT
scan available for review, without metastases visible on a 'SF-
FDOPA PET/CT scan, or without clinical data available. This study
was performed according to the Helsinki convention. Data collec-
tion was anonymous after patient consent and institutional review
board approval (CEERB Paris-Nord University approval 00006477-
15-073).

Data Collection and '®F-FDOPA PET/CT Analysis

We retrospectively collected the main characteristics of patients at
baseline (date of the first 'SF-FDOPA PET/CT scan) using a standardized
chart. Anonymized data collection included epidemiologic variables,
detailed tumor staging, pathologic characterization, prior treatments,
and survival.

All '8F-FDOPA PET/CT examinations were performed on hybrid
PET/CT devices equipped with 3-dimensional time-of-flight technol-
ogy and without iodinated contrast-medium administration. Patients in
a given center were scanned on the same instrument. Patients were
injected with an "®F-FDOPA dose of 3-4 MBg/kg. 'SF-FDOPA (Dopa-
cis; Cisbio International) was used in the setting of marketing authoriza-
tion. The PET/CT protocol included an acquisition from the upper thigh
to the top of the skull (3—5 min/step or contin-
uous bed motion when available), starting
approximately 60 min after injection of 'SF-

Statistical Analyses

We divided the study population between a test cohort, including
all patients from Beaujon Hospital, and a full external validation
cohort, including all patients from the other centers. Quantitative vari-
ables were described using median and interquartile range (IQR) and
compared using the Mann—Whitney test. Qualitative variables were
described using frequency and percentage and compared using the x>
test. Correlations between quantitative data were assessed using the
Spearman test.

The primary endpoint was OS, measured between the date of the first
BE_.FDOPA PET/CT scan and the date of death from any cause. Patients
were censored if they were alive at the last follow-up. OS was estimated
using the Kaplan-Meier method, expressed as median and 95% CI, and
compared using the log-rank test. We determined the threshold of the
SUVpeak 0 SUVyox T/L ratio corresponding to the highest prognostic
value in the test cohort using receiver operating characteristic curves and
the Youden index method. Then, independent prognostic factors were
explored in the test cohort using univariate and backward-stepwise multi-
variate Cox proportional-hazards analyses. The prognostic impact of the
best SUV ratio threshold was confirmed in the full external validation
cohort using log-rank and univariate Cox proportional-hazards analyses.

Finally, in patients (whole cohort) who underwent an additional
8E_FDOPA PET/CT scan during their follow-up, we explored the
prognostic impact of the best SUV ratio threshold on the last 'SF-
FDOPA PET/CT scan, and that of the increase in the best SUV ratio
between the first and the last '®F-FDOPA PET/CT scans. A P value of
less than 0.05 was considered significant.

The results of this study were reported in accordance with the
STROBE (Strengthening the Reporting of Observational Studies in
Epidemiology)/ REMARK (Reporting Recommendations for Tumor
Marker Prognostic Studies) guidelines (Supplemental Table 1; supple-
mental materials are available at http://jnm.snmjournals.org). In the
absence of previous publications reporting on the prognostic role of
I8E_FDOPA PET/CT in patients with NETSs, no prognostic hypothesis
could be formulated, hence hampering calculation of a specific sample
size. All the analyses were performed using Prism (version 6; Graph-
Pad) and SPSS (version 20; IBM) software.

FDOPA. Carbidopa premedication (200 mg
orally) 60-90 min before '*F-FDOPA injec-
tion was used in 24 patients in the validation
cohort. PET image datasets were reconstructed
iteratively (ordered-subsets expectation maxi-

Consecutive patients with metastatic
siNET who underwent '8F-DOPA
PET/CT between 2010 and 2020 in
five expert centers (n = 280)

mization algorithm) using non—contrast-
enhanced data for attenuation correction. All
8E_.FDOPA PET/CT scans were reviewed
at each site by 1 expert nuclear physician,
masked to clinical and survival data, after an
initial central study board meeting was held
to define the methodology of measurements
in order to homogenize data collection.

The SUV was determined as a measure of

Patients excluded
* No '8F-DOPA PET/CT available
for review (n = 12)
* No clinical data available (n = 6)
* No metastases on 8F-DOPA
PET/CT (n=10)

A4

8E_FDOPA uptake using the region-of-interest
technique. The maximum voxel (SUV,.x)
and a 1-mL sphere at the region of highest

252 patients included

uptake (SUVee) were measured, as well as
normal liver parenchyma, in each patient. To

/\

reduce potential partial-volume effects, the ref-
erence region of interest in the liver was kept
consistently at 2 cm in diameter. We calculated

Test cohort (n = 166)

External validation cohort (n = 86)

the tumor-to-liver (T/L) ratios for SUV . and

SUVpeake FIGURE 1.
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Flowchart of study. siNET = small-intestine NET.
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RESULTS

Characteristics of Patients

We identified 280 consecutive patients in total. After we excluded
28 patients, 252 were finally included in the study: 166 managed in
Beaujon University Hospital, composing the test cohort, and 86
from the 4 other expert centers, composing the full external valida-
tion cohort (Fig. 1).

The main characteristics of the test cohort are displayed in Table 1.
Midgut NETs originated from the ileum in 91% of cases and were
mostly classified as grade 1. At baseline, one third of patients had car-
cinoid syndrome. Hepatic and extrahepatic metastases were present in

88% and 73.5% of patients, respectively. Most patients (69.9%) had
previously undergone surgical resection of the primary NET or metas-
tatic lesions, and 54.8% of patients had received nonsurgical antitu-
mor treatments, mostly somatostatin analogs.

Of note, the 166 patients included in the test cohort accounted
for 59.1% of all patients managed in the same institution during
the same period for a metastatic small-intestine NET. In compari-
son, the 112 patients with a metastatic small-intestine NET who
did not undergo '8F-FDOPA PET/CT had similar survival, indicat-
ing that our test cohort was representative of the whole consecu-
tive population of patients (Supplemental Fig. 1).

TABLE 1
Baseline Characteristic of Patients at Time of '®F-FDOPA PET/CT, in Test and Validation Cohorts
Characteristic Test cohort (n = 166) Validation cohort (n = 86) P
Age (y) 64.1 (66.5-71.3) 65 (57.8-71) 0.64
Male sex 88 (53) 44 (51) 0.78
Ki-67 (%)* 2 (1-5) 2 (1-5) 0.92
2019 WHO grade* 0.38
Grade 1 88 (56.4) 42 (53)
Grade 2 65 (41.7) 37 (27)
Grade 3 3(1.9 0
Carcinoid syndrome 4 (32.5) 26 (30) 0.71
Urinary 5-HIAA (XULN)" 3 (1-4) 1.3 (1-2.1) 0.12
Plasmatic chromogranin A (X ULN)* 1.40 (1-7) 1.8 (1-3.7) 0.51
Carcinoid heart disease 2 (7.2 3 (4) 0.28
Metachronous metastases 1(24.7) 20 (23) 0.80
Metastatic sites
Liver metastases 146 (88) 69 (80) 0.101
Liver involvement > 25% 1(24.7) 20 (23) 0.80
Peritoneal metastases 9 (41.6) 41 (48) 0.35
Distant lymph-node metastases 2 (43.4) 32 (37) 0.35
Bone metastases 1(24.7) 23 (27) 0.72
Extrahepatic metastases 122 (73.5) 61 (71) 0.67
Metastatic sites > 2 9 (29.5) 25 (29) 1
Previous surgical treatments
Previous primary NET surgery 116 (69.9) 60 (70) 0.99
Metastases surgery 31 (18.7) 29 (34) 0.008
Previous nonsurgical treatments
Somatostatin analogs 83 (50) 33 (38) 0.079
Liver transarterial embolization 21 (12.7) 11 (13) 0.97
Targeted therapies 10 (6) 7 (8) 0.56
177 u-DOTATATE 7 (4) 3(3) 1
Chemotherapy 10 (6) 7 (8) 0.56
Treatment-naive 75 (45.2) 51 (59) 0.034
*Ki-67 index was missing for 10 patients and 7 patients from test and validation cohorts, respectively.
T5-HIAA value was missing for 82 patients and 25 patients from test and validation cohorts, respectively.
*Chromogranin A value was missing for 80 patients and 23 patients from test and validation cohorts, respectively.
WHO = World Health Organization; 5-HIAA = 5-hydroxyindolacetic acid; ULN = upper limit of normal value.
Qualitative data are number and percentage; continuous data are median and IQR.
"SE_.FDOPA PET anp ProGNosis IN MipGut NETs  + De Rycke et al. 1701
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FIGURE 2. Examples of whole-body '®F-FDOPA PET images in patients
with metastatic midgut NET and high tumor SUVea (T/L ratio, 17) (A) or
low tumor SUVeqk (T/L ratio, 2.3) (B).

Prognostic Impact of SUV,c.x T/L Ratio in Test Cohort

The median SUV ., T/L ratio was 7.3 (IQR, 4.0-11.5), and the
median SUV,,,,« T/L ratio was 8.5 (IQR, 5.3-12.8). The correla-
tion between the SUV e, and SUV,,,« T/L ratios was excellent
(r = 0.93, P < 0.001). The lesion with the highest uptake, that is,
used to measure SUVcac and SUV ., was more frequently a
liver metastasis (54.8%) or another distant metastasis (lymph
node, peritoneal, bone, or lung in 12.7%, 10.2%, 5.4%, and 0.6%,
respectively) than a primary midgut NET (1.8%) or a regional
lymph node (14.5%).

The median follow-up after the '3F-FDOPA PET/CT scan was
60.3mo (95% CI, 55.9-65.1), during which 47 patients died. We
determined that an SUV ¢, T/L ratio of more than 4.2 best pre-
dicted survival. Examples are displayed in Figure 2. Patients with
an SUV,cu T/L ratio of more than 4.2 had significantly shorter
survival than those with a ratio of 4.2 or less (P = 0.01), with a
5-y OS rate of 74.1% = 4.5% versus 95% = 3.4%, respectively
(Fig. 3A). On univariate Cox proportional-hazards analysis, an
SUV,eak T/L ratio of more than 4.2 was associated with a 2.62-
fold increased risk of death (95% CI, 1.22-5.62; P = 0.014).

On multivariate Cox proportional-hazards analysis (Table 2), an
SUV,cak T/L ratio of more than 4.2 was independently associated
with a significantly increased risk of death (hazard ratio, 2.30;

95% CI, 1.02-5.22; P = 0.046), after adjustment for age, grade,
number of previous lines, number of metastatic sites, and presence
of carcinoid syndrome.

Prognostic Impact of SUV,..« T/L Ratio in External
Validation Cohort

The full external validation cohort included 86 patients from 4
expert centers. Baseline characteristics were similar to those of the
test cohort, except that higher proportions of these patients had
undergone prior metastasis surgery (34% vs. 18.7%, P = 0.008)
and no prior nonsurgical antitumor treatment (59.3% vs. 45%,
P = 0.034) (Table 1).

The median SUV,,,, T/L ratio was 9.2 (IQR, 5.4-12.1), and the
median SUV ycq T/L ratio was 8.0 (IQR, 4.5-11)—without signifi-
cant differences from the test cohort (P = 0.94 and P = 0.57,
respectively).

The SUV e T/L ratio maintained its prognostic impact in the
full external validation cohort. The 5-y OS rate was 100% for an
SUV,car T/L ratio of 4.2 or less versus 57.8% * 12.5% (P = 0.075)
for more than 4.2 (Fig. 3B). The prognostic impact of the SUV cq,
T/L ratio was not different when studied in the subgroup of patients
who received carbidopa premedication (Supplemental Fig. 2).

Prognostic Impact of Tumor Uptake on Subsequent
8F.FDOPA PET/CT

Overall, 104 patients underwent an additional '|F-FDOPA
PET/CT scan during their follow-up. The median interval between
scans was 28.5mo (11.4-61.3). Patients with an SUV ¢, T/L ratio
of more than 4.2 on the additional '*F-FDOPA PET/CT scan had
shorter survival than those with a ratio of 4.2 or less, with 5-y OS
rates of 45.5% = 15.8% versus 74.5% = 17.1%, respectively
(Fig. 4A). However, this difference was not statistically significant
(P =0.183).

Similarly, patients for which the SUV ., T/L ratio increased
between scans had shorter survival than patients for which it
decreased, with 5-y OS rates of 41.8% = 19% versus 70.5% =
13.3%, respectively (Fig. 4B). However, this difference was not
statistically significant (P = 0.175).

Correlation Between SUV,., T/L Ratio and Disease
Characteristics

We assessed whether SUV ¢ T/L ratio correlates with clinical
features among all patients. This ratio correlated with the urine
S-hydroxylindolacetic acid concentration (available for 145 patients,
r = 0.436, P < 0.001) and, to a lesser extent, with plasma chromo-
granin A (available for 149 patients, » = 0.22, P = 0.007). Accord-

ingly, the ratio was higher in patients with

carcinoid syndrome (9.8; IQR, 6.3—12.7, vs.

6.6; IQR, 3.5-10.3; P < 0.001). The ratio
did not correlate with Ki-67 index (r =

—0.05, P = 042) or age (r = 0.06, P =
0.33). Conversely, it tended to be higher
in patients with extrahepatic metastases
(7.8; IQR, 4.4-11.6, vs. 7.0; IQR, 3.3-10.3;
P =0.06).

DISCUSSION

We demonstrated that 'SF-FDOPA PET/
CT has a significant prognostic impact in
patients with metastatic midgut NETs. To
the best of our knowledge, this was the first
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"8F_FDOPA-PET/CT. (A) Test cohort (n = 166, P = 0.01). (B) External validation cohort (n = 86),
P = 0.075).
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TABLE 2
Univariate and Multivariate Cox Proportional-Hazard Models of Factors Associated with OS

Univariate Multivariate

Factor HR 95% CI P HR 95% ClI P
SUVax T/L ratio > 9 1.46 0.82-2.60 0.198

SUVpeak T/L ratio > 4.2 2.62 1.22-5.62 0.014 2.30 1.02-5.22 0.046
Age > 70y 2.29 1.27-4.15 0.006 3.12 1.63-6.00 0.001
Grade 2 or 3 1.68 0.93-3.04 0.086 1.67 0.90-3.08 0.104
Number of previous lines (each additional line) 1.55 1.10-2.20 0.013 1.64 1.12-2.41 0.011
Number of metastatic sites > 2 2.03 1.14-3.62 0.017 1.83 0.99-3.36 0.053
Carcinoid syndrome 2.13 1.20-3.79 0.010 1.41 0.73-2.71 0.31

HR = hazard ratio.

study showing the prognostic value of '8F-FDOPA PET/CT, in
addition to its already known diagnostic impact, in a large multi-
centric cohort of patients with metastatic midgut NETs. Therefore,
SUVpeak T/L ratio measured on I8E.FDOPA PET/CT could con-
tribute, along with other known prognostic factors (e.g., tumor
grade, number of metastatic sites, and tumor burden), to a better
assessment of the prognosis of patients with metastatic midgut
NETs and better choice of the most appropriate management.

In the test cohort comprising 166 patients with metastatic mid-
gut NETs, an SUV ., T/L ratio of more than 4.2, which relies on
the lesion with highest uptake, was determined as the threshold
with the highest prognostic impact on univariable analysis (P =
0.01). This prognostic impact remained statistically significant
(hazard ratio, 2.3; 95% CI, 1.02-5.22; P = 0.046) after adjustment
for classic prognostic factors related to the patient (age), disease
extension (metastatic sites), biologic aggressiveness (grade), evo-
lution (previous lines), or presence of carcinoid syndrome, the last
of which was biologically associated with '*F-FDOPA uptake.
Then, this result was replicated in the full external validation
cohort containing 86 patients. Although the significance threshold
was not reached in that cohort (P = 0.075), the reason was likely
a lack of power since the prognosis of patients with an SUV ¢,
T/L ratio of 4.2 or less could not be improved further (100% sur-
vival)}—which is by itself a strong argument supporting the prog-
nostic impact of '¥F-FDOPA uptake.

A prognostic factor is all the more relevant if it remains prog-
nostic when measured at different time points of disease evolution,
as illustrated by the prognostic impact of the Ki-67 index increase
on new biopsies in patients with NETs (/6). Hence, we performed
sensitivity analyses among patients who underwent an additional
8F_FDOPA PET/CT scan during their follow-up and found that
an SUV,,cac T/L ratio of more than 4.2 on the second scan, as well
as an increase in the ratio between the 2 scans, were associated
with shorter survival. Although the differences did not reach sig-
nificance, this finding strengthens the prognostic relevance of
I8F_.FDOPA PET/CT. Of note, whereas our study was not designed
to identify the optimal SUV e T/L ratio threshold on subsequent
scans, future studies should explore the dynamic prognostic role of
I8F_-FDOPA PET/CT over time.

The mechanisms underlying the prognostic impact of '*F-FDOPA
PET/CT are unclear. '8F-FDOPA enters NET cells through the
L-type neutral amino acid transporters LAT1 and LAT2, which are
activated on their heterodimerization with the surface glycoprotein
CD98/4F2hc (17,18). Then, intracellular metabolism is ensured
through intracellular vesicular monoamine transporters and decar-
boxylation by the aromatic L-amino acid decarboxylase. This is the
rate-limiting enzyme of serotonin and catecholamine biosynthesis
and is highly active in midgut NETSs, explaining high '*F-FDOPA
retention in these neoplasms (19,20). Therefore, higher '*F-FDOPA
uptake may reflect higher metabolism and biologic aggressiveness
of NET cells, reflected by increased nutri-
ent supply. Accordingly, increased expres-
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sion of LAT1 and CD98/4F2hc were
found to be associated with higher biologic
aggressiveness and poorer prognosis in dif-
ferent malignancies (/8), including diges-
tive and lung NETs (2/-24). Besides, LAT1
mediates the influx of essential amino acids,
including tryptophan, a necessary substrate
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FIGURE 4. Prognostic impact of subsequent '®F-FDOPA-PET/CT. (A) Prognostic impact of SUVpeak
T/L ratio measured on subsequent '8F-FDOPA PET/CT scan (P = 0.183). (B) Prognostic impact of
variation of SUVeq, T/L ratio between initial and subsequent "8F-FDOPA-PET/CT scans (P = 0.175).
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the presence of carcinoid syndrome and
the level of 5-hydroxyindolacetic acid, as
reported before (15,26). Finally, LAT1 and
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CD98/4F2hc expression is associated with activation of the
mammalian-target-of-rapamycin pathway (23,27). Future studies
should explore whether '8F-FDOPA uptake could serve as a predic-
tive marker for mammalian-target-of-rapamycin inhibitors, which
have demonstrated efficacy in NETs (26,29).

Future investigation should focus on specifying the ranking of
8F_-FDOPA PET/CT in comparison with other nuclear imaging
techniques available for NETs, especially PET/CT using ®Ga-
DOTA-peptides. Both techniques have high diagnostic perfor-
mance, whereas ®*Ga-DOTA-peptide PET/CT has an exclusive
theranostic impact because it predicts the efficacy of peptide-
radionuclide radiation therapy targeting somatostatin receptors. In
addition, the prognostic role of 8Ga-DOTA-peptide PET/CT has
been reported, with higher tumor uptake indicating better progno-
sis (30,31). Conversely, higher uptake on '®F-fluorodesoxyglucose
PET/CT is associated with poorer prognosis in patients with diges-
tive NETs (32). Hence, noninvasive prognostic assessment using
nuclear medicine would likely benefit from a multiparametric
approach using several radioisotopes, among which the precise
role of '®F-FDOPA should be better specified.

The main limitation of our study was its retrospective design,
although there was a low proportion of missing data and there
were protocolized clinical collection and '®F-FDOPA PET/CT
measurements. We present here the largest comprehensive cohort
of patients with metastatic midgut NETs and '*F-FDOPA PET/CT
imaging available, to the best of our knowledge. Although some
patients had to be excluded, mainly because they lacked available
I8F_FDOPA PET/CT scans or a liver metastatic target, exclusions
were limited and were unlikely to induce a selection bias. Several
factors can influence SUVs, including the machine type, injected
activity, and acquisition time (26). Notably, the fact that no early
PET acquisition was done may influence the sensitivity with
which liver metastatic lesions are detected. These potential biases
were minimized by normalizing tumor uptake for the nontumor
liver on the same PET scan, as the '8F-FDOPA biodistribution
data show a relatively constant hepatic uptake intensity (6).
Finally, we split patients into a test cohort composed of all patients
from Beaujon Hospital (n = 166, 66%) and a validation cohort
composed of all patients from the 4 other centers (n = 86, 34%),
because it was the only way to perform a full external validation
cohort, which is the methodologic reference, and because, other-
wise, the separation of all patients into two thirds (test) and one
third (validation) would have caused patients from one center to
represent 66% of each cohort, hence resulting in a major center-
effect bias.

CONCLUSION

We demonstrated in a large comprehensive cohort that SUV peqx
T/L ratio measured on '8F-FDOPA PET/CT had a significant
prognostic impact in patients with metastatic midgut NETs. This
result was confirmed in a multivariable analysis and was replicated
in a full external validation cohort. Future translational studies
should explore the molecular bases of this prognostic impact and
aim at identifying potential related therapeutic targets.
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KEY POINTS

QUESTION: What is the prognostic role of tumor uptake on
'8F_FDOPA PET/CT in patients with metastatic midgut NETs?

PERTINENT FINDINGS: We studied 252 consecutive patients
with metastatic midgut NETs who underwent '8F-FDOPA PET/CT,
and we measured SUVnax and SUVpear. A T/L SUVeqk ratio of
less than 4.2 was associated with good prognosis in a test cohort,
on multivariable analysis and in a full external validation cohort.

IMPLICATIONS FOR PATIENT CARE: In addition to its high
diagnostic performances, the independent prognostic impact
of '®F-FDOPA PET/CT encourages its use for the evaluation of
patients with metastatic midgut NETSs, to improve case-by-case
management.
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Validation of the ASUV .« for Interim PET Interpretation in
Diffuse Large B-Cell Lymphoma on the Basis of the GAINED

Clinical Trial
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The GAINED phase 3 trial (ClinicalTrials.gov identifier: NCT01659099)
evaluated a PET-driven consolidative strategy in patients with diffuse
large B-cell lymphoma. In this post hoc analysis, we aimed to com-
pare the prognostic value of the per-protocol PET interpretation crite-
ria (Menton 2011 consensus) with the change in the SUV.x
(ASUVpa) alone. Methods: Real-time central review of '8F-FDG
PET/CT was performed in 581 patients after 2 cycles (PET2) and 4
cycles (PET4) of immunochemotherapy using the Menton 2011 crite-
ria, combining the ASUV,.« (cutoffs of 66% and 70% at PET2 and
PET4, respectively) and the Deauville scale. In “special cases,” when
the baseline SUV,,ax Was less than 10.0 or the interim residual tumor
SUVax Was greater than 5.0, the Menton 2011 experts’ consensus
agreed that the ASUV,,,,x may not be reliable and that the Deauville
score is preferable. Prognostic values of Menton 2011 and ASUV 4«
were evaluated by Kaplan-Meier analyses in terms of progression-
free survival (PFS). Results: Seventeen percent of patients at PET2
(100/581) and 8% at PET4 (49/581) had PET-negative results by
ASUV,ax but were considered to have PET-positive results according
to Menton 2011 with residual SUV,,o« of greater than 5.0. For the pop-
ulation with PET2-positive results, 2-y PFS was 70% (range, 58%—
80%) with ASUV,,,. alone, whereas the outcome tended to be better
for those who were considered to have PET-positive results by Men-
ton 2011, 81% (range, 72%-87%). Conversely, all 10 patients with
baseline SUVax Of less than 10.0 had PET2-positive results by
ASUV,ax but were considered to have PET2-negative results by Men-
ton 2011. These patients had the same 2-y PFS as patients with
PET2-negative/PET4-negative results, indicating that the ASUV,ax
yielded false-positive results in this situation. Conclusion: We recom-
mend the use of the ASUV,,,.x alone rather than the Menton 2011 cri-
teria for assessing the interim metabolic response in patients with
diffuse large B-cell lymphoma, except when the baseline SUV o is
less than 10.0.

Key Words: diffuse large B-cell ymphoma; ASUV,.x; Deauville scale;
interim '8F-FDG PET; central review
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Evaluation of the metabolic response in lymphoma by '*F-FDG
PET relies on the Deauville 5-point scale (/). For diffuse large
B-cell lymphoma (DLBCL), several independent studies have dem-
onstrated that semiquantitative assessment of the early response by
computation of the change in the SUV,0 (ASUV) between
baseline and interim PET scans is more reproducible than visual
assessment and allows the reduction of false-positive interpretation
in patients with minimal residual uptake (2—8). The best cutoff for
distinguishing good from bad responders is greater than 66% reduction
of the SUV,,ax after 2 cycles of chemotherapy and greater than 70%—
92% after 4 cycles. However, these cutoffs have been defined from
retrospective studies. In some instances when the baseline SUV ,,, is
relatively low (<10.0) or the interim residual tumor SUV,,,, is rela-
tively high (>5.0), experts agree that ASUV,,,,, may not be appropri-
ate for evaluating the response and that the Deauville 5-point scale is
preferable (9). This approach, referred to as the Menton 2011 consen-
sus, was recently used in a large prospective trial (10).

The GAINED (GA In NEwly diagnosed Diffuse large B-cell
lymphoma) randomized phase 3 trial (ClinicalTrials.gov identifier:
NCT01659099), comparing obinutuzumab (GA101) and rituximab
in association with chemotherapy as an induction treatment followed
by a PET-driven consolidative strategy (10), was recently conducted
by the Lymphoma Study Association (Fig. 1). Patients underwent
8F.FDG PET/CT at baseline (PET0), after 2 cycles of immuno-
chemotherapy (PET2), and after 4 cycles of immunochemotherapy
(PET4). Induction treatment was based on 14 d of anthracycline-
containing chemotherapy in association with either rituximab or
GA101. The consolidation treatment was driven by an early meta-
bolic response at PET2 and PET4 using the Menton 2011 criteria
(9): patients were assigned to receive standard immunochemother-
apy, high-dose therapy followed by autologous stem cell transplan-
tation (ASCT), or salvage therapy (Fig. 1). The results of this trial
demonstrated that obinutuzumab was not superior to rituximab in
transplant-eligible patients and that PET-driven treatment escalation
using ASCT enabled patients with PET2-positive (PET2+)/PET4-
negative (PET4—) results to achieve similar outcomes as patients
with PET2-negative (PET2—)/PET4— results (/0).

Considering these results, we conducted a post hoc analysis to
compare the prognostic value of the per-protocol Menton 2011 cri-
teria with the ASUV,,,x alone and to make recommendations for
quantitative evaluation of the metabolic response by '8F-FDG
PET/CT.
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Rituximab or GA101 immunochemotherapy
with 14-day antracycline-containing regimen

Both PET 2 &

0.05 indicated significance. Statistical analy-
] ses were performed by the statistical depart-

ment of the Lymphoma Study Association

PET 4 reviewed

CD20+, aalPl 1-3, (n=581)

DLBCL patients:
(n=670)

n

Menton 2011

] using SAS 9.3 software (SAS Institute Inc.).

criteria

PETO PET 2 PET 4

[ENEVEN
(n = 586)

central review
(n = 604)

central review
(n = 636)

PET4+ (n = 93):
salvage therapy (choice of each center)

RESULTS

Population Characteristics

FIGURE 1.

criteria. aalPl = age-adjusted International Prognostic Index.

MATERIALS AND METHODS

Imaging Review Process

Imaging was performed between September 2013 and December
2015. Scans were interpreted by the local investigator using on-site
image viewers and remotely by independent reviewers from a panel of
10 available readers at 3 French institutions located in Créteil, Dijon,
and Nantes. An online central review platform was set up for this pur-
pose (/1), and all readers were automatically notified by e-mail each
time a scan was uploaded on the platform (Imagys; Keosys). Images
were automatically deidentified and controlled by a research engineer.
All PET/CT datasets that did not pass the quality control guidelines
(incomplete datasets, calibration errors preventing SUV,, calcula-
tion, or attenuation maps generated from contrast-enhanced CT) were
omitted and not reviewed.

At baseline (PETO0), in addition to the local interpretation, 2 inde-
pendent reviewers were asked to identify the tumor with the most
intense uptake using a maximum-intensity projection display with a
graded color scale, with red indicating the SUV .« (2,7); in case of
discrepancy among these 3 interpretations, with regard to either the
location or the SUV,,,,x of the target lesion (=10% difference between
the lowest and the highest measured values), a choice among the inter-
pretations available on the platform was made by an adjudicator. At
interim evaluations, in addition to the local interpretation, 2 indepen-
dent reviewers were asked to measure the whole-body SUV ;. on the
most intense tumor lesion if residual uptake was present, even though
its location differed from that at PETO; if no lesions were identifiable,
then the SUV ., was measured in the area of the initially most active
tumor at PETO or, alternatively, was set to 1.0. At all time points,
mediastinal blood-pool SUV,,,,x and liver SUV,,,,, were also measured
to ensure quality control (12).

Determination of Metabolic Response

The metabolic response using the Menton 2011 consensus criteria
was determined by majority agreement of the 3 readings. ASUV .
cutoffs of 66% and 70% were used at PET2 and PET4, respectively
(4,13). In “special cases,” when the baseline SUV ., was less than
10.0 or the interim residual tumor SUV ., was greater than 5.0, the
Deauville 5-point scale was used (9). This interpretation was used per
protocol to allocate patients to the different consolidation arms (con-
tinuing immunochemotherapy, high-dose chemotherapy plus ASCT,
or salvage therapy). In a post hoc analysis, the ASUV,,,, alone was
used to evaluate the metabolic response and classify patients as
responders or nonresponders, regardless of special cases and without
using the Deauville score.

Statistical Analysis

Concordance between local reading and central review was assessed
using Cohen k-statistics. Progression-free survival (PFS) according to
PET2 and PET4 interpretations was estimated using the Kaplan—-Meier
method and compared using the log-rank test. A P value of less than

ASUV,,. FOR INTERIM PET IN DLBCL -+

Study design and flowchart of PET central review. Patients were randomized to receive
induction treatment with either rituximab or obinutuzumab (GA101) immunochemotherapy. Consoli-
dation treatment was driven by PET metabolic response at PET2 and PET4 using Menton 2011

Among the 670 patients included in
GAINED, the scans for 636 at PET0, 604
at PET2, and 586 at PET4 were centrally
reviewed (Fig. 1). Locally interpreted scans
failing quality control were not reviewed.
When the quality control of a PET(0 examination failed, interpreta-
tion of the interim PET scans was not possible on the platform.
Therefore, 581 patients (87%) had an interpretable baseline PET
scan and centrally reviewed PET2 and PET4 scans. Patient charac-
teristics are presented in Table 1. For the remaining 89 patients,
treatment allocation relied on the local interpretation.

Metabolic Response by Different Interpretation Criteria

The median delay between image upload and final interpretation
of PETO scans was 6 d (range, 047 d). The median PET0 SUV .«
was 23.4 (range, 1.9-100.7) by local reading and 24.1 (range, 3.0—
78.4) by central reviewing. An adjudication consecutive to an
SUVax discrepancy of greater than or equal to 10% was required
in 131 of the 636 PETO scans (21%); in 97% of them (n = 127),
the adjudicator chose the SUV ., of 1 of the central reviewers.
The median number of days between image upload and final inter-
pretation of PET2 or PET4 scans was 0 d (range, 0-44 d; interquar-
tile range, 04 d). For 92% of interim PET scans, interpretation of
the first reviewer was concordant with the local interpretation and
sufficient to draw a conclusion, whereas a second review was nec-
essary for 8%. Finally, the local interpretation was concordant with
the final result in 95% of cases, whereas it differed from the con-
clusion of the reviewers in 5% of cases.

Table 2 summarizes the per-protocol and post hoc PET interpre-
tations for the 581 patients whose PET2 and PET4 scans were
both centrally reviewed. Supplemental Table 1 details the interpre-
tations of all scans uploaded on the online platform, including
those for patients who had only PET2 or PET4 scans centrally
reviewed but not both. PET2 scan results were positive for 28% of
patients (n = 164). In 81% of cases (n = 471), a PET2 scan result
was directly given by the ASUV ..., whereas in 19% (n = 110), a
special case was identified and interpretation relied on the Deau-
ville score. In all instances, the Menton 2011 interpretation chan-
ged the final conclusion. In 100 cases, a PET2 scan result that was
negative by ASUV .., was considered positive (Deauville score of
=4) because the residual SUV,,,,, was greater than 5.0, whereas in
10 patients, a PET2 scan result that was positive by ASUV ., was
considered negative (Deauville score of =3) because the PETO
SUV ax Was less than 10.0. PET4 scan results were positive in
16% of patients (» = 93). In 90% of cases (n = 524), a PET4
scan result was directly given by the ASUV,,.x, Whereas in 10%
(n = 57), a special case was identified. Again, in all instances, the
Menton 2011 interpretation changed the final conclusion. In 49
cases, a PET4 scan result that was negative by ASUV,,,,, was con-
sidered positive, whereas in 8 patients, a PET4 scan result that
was positive by ASUV,,,. was considered negative. When the
ASUV .. alone was used, PET2 and PET4 scan results were posi-
tive for only 13% (n = 73) and 9% (n = 54) of patients,
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TABLE 1
Population Characteristics of GAINED Study Participants and Patients Who Had PET Central Review

GAINED trial This study Patients with PET2+ Patients with PET2-

Characteristic (n = 670) (n = 581) scan results (n = 164) scan results (n = 417)
Age (y)* 48 (18-61) 48 (18-60) 47 (18-60) 49 (19-60)
Men, n (%) 373 (56) 327 (56) 95 (58) 232 (56)
aalPI

Oor1,n (%) 282 (42) 252 (44) 74 (45) 178 (43)

2 or 3, n (%) 383 (57) 325 (56) 89 (55) 236 (57)

Missing, n 5 4 1 3
Ann Arbor stage

lorll, n (%) 118 (18) 110 (19) 37 (23) 73 (18)

Il or IV, n (%) 552 (82) 471 (81) 127 (77) 344 (82)
Extranodal involvement

<2, n (%) 315 (47) 277 (48) 70 (43) 207 (50)

=2, n (%) 355 (53) 304 (52) 94 (57) 210 (50)
Performance status

Oor1,n (%) 575 (86) 503 (87) 139 (85) 364 (87)

>1, n (%) 94 (14) 77 (13) 25 (15) 52 (13)

Missing, n 1 1 0 1
Lactate dehydrogenase levels

=Upper limit, n (%) 180 (27) 160 (28) 43 (26) 117 (28)

>Upper limit, n (%) 487 (73) 418 (72) 120 (74) 298 (72)

Missing, n 3 3 1 2
Treatment arm

GA101, n (%) 336 (50) 292 (50) 72 (44) 220 (53)

Rituximab, n (%) 334 (50) 289 (50) 92 (56) 197 (47)
Induction treatment

GA101-CHOP, n (%) 169 (25) 148 (26) 38 (23) 110 (26)

Rituximab-CHOP, n (%) 170 (25) 155 (27) 54 (33) 101 (24)

GA101-ACVBP, n (%) 163 (25) 144 (25) 34 (21) 110 (26)

Rituximab-ACVBP, n (%) 161 (25) 134 (23) 38 (23) 96 (23)

*Reported as means, with ranges in parentheses.

aalPl = age-adjusted International Prognostic Index; ACVBP = doxorubicin, cyclophosphamide, vindesine, bleomycin, prednisone;

CHOP = cyclophosphamide, doxorubicin, vincristine, prednisone.

respectively, instead of 28% (n = 164) and 16% (n = 93) when
the Menton 2011 interpretation was used, respectively.

The Cohen k-value between local reading and central reviewing
was 0.80 at PET2, reaching 0.84 between the 2 central reviewers;
at PET4, these values were quite similar, 0.81 and 0.78, respec-
tively. The median relative SUV,,,, difference between the 2
central reviewers was 0% (range, 0%—-333%; interquartile range,
0%-13%), and the locations of the target tumor were identical in
70% of cases. Identical PET interpretations (PET positive or PET
negative) were reached between central reviewers in 97% and
94% of cases when ASUV,,« and Menton 2011 were used,
respectively. In contrast, the median relative SUV,,,, difference
between the local investigator and the central review was 3%
(range, 0%—5,190%; interquartile range, 0.7%—74%), and the loca-
tions of the target tumor were identical in 66% of cases. Interest-
ingly, the ASUV,,..x led to the same conclusion (PET positive or

PET negative) between the local investigator and the central
reviewer in 97% of cases, whereas this result occurred in only
32% of special cases when Menton 2011 was used.

Survival Analyses

Kaplan—Meier estimates of PFS using the 2 methods of PET inter-
pretation are presented in Figure 2. They were calculated for 581
patients whose PET2 and PET4 scans were both centrally reviewed
and for whom 110 events occurred (disease progression). When per-
protocol Menton 2011 criteria were used, the 2-y PFS estimates were
90% (range, 87%-93%) in patients with PET2—/PET4— scan results,
84% (range, 74%—90%) in patients with PET2+/PET4— scan results,
and 62% (range, 51%-71%) in patients with PET4+ scan results
(P < 0.0001). When the ASUV,,,, alone was used, the 2-y PFS esti-
mates were 88% (range, 85%-90%), 77% (range, 60%—88%), and
60% (range, 46%—72%), respectively (P < 0.0001).
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TABLE 2
PET Results According to Central Review Using Per-Protocol Menton 2011 Criteria and Post Hoc
Analysis with ASUV,,,.x Alone

Conclusion PET2 PET4
Final conclusion using Menton 2011 per-protocol criteria (no. of patients) 581 581
PET positive* 164 (28.2) 93 (16.0)
PET negative* 417 (71.8) 488 (84.0)
Conclusion obtained by ASUV, 4" 471 (81.1) 524 (90.2)
ASUV ax positive 64 (13.6) 44 (8.4)
ASUV,,ox Negative 407 (86.4) 480 (91.6)
Conclusion obtained by Deauville score (special cases)* 110 (18.9) 57 (9.8)
ASUV,ax positive but baseline SUV . < 10.0* 10 (9.1) 8 (14.0)
PET positive converted to PET negative All patients All patients
ASUV,ax Negative but interim SUV 5 > 5.0* 100 (90.9) 49 (86.0)
PET negative converted to PET positive All patients All patients
Final conclusion using post hoc analysis with ASUV,,,.x alone (no. of patients) 581 581
PET positive* 73 (12.6) 54 (9.3)
PET negative* 508 (87.4) 527 (90.7)

*Reported as numbers of patients, with percentages in parentheses.

Focus on Special Cases of Menton 2011 Criteria

As stated earlier, 17% of patients at PET2 (100/581) and 8% at
PET4 (49/581) had PET scan results that were negative by
ASUV .« but that were considered positive by Menton 2011
(residual tumor uptake with SUV ., of >5.0). Interestingly, when
we focused on survival analyses for the population with PET2+
scan results, the 2-y PFS estimate was 70% (range, 58%-80%) in
patients with PET scan results that were positive by ASUV .y,
whereas the outcome tended to be better for those with PET scan
results that were considered positive by Menton 2011, 81% (range,
72%-87%) (P = 0.099) (Fig. 3A). This finding reached signifi-
cance at PET4, with 2-y PFS estimates of 51% (range, 36%—65%)
and 71% (range, 57%—82%), respectively (P = 0.043) (Fig. 3B),
suggesting that Menton 2011 yields false-positive results when

residual tumor SUV ,,, is greater than 5.0. On the contrary, 10
patients at PET2 and 8 patients at PET4 with SUV ., of less than
10.0 at baseline had PET scan results that were positive by
ASUV .« but that were considered PET negative by Menton
2011. These specific 10 patients had the same 2-y PFS estimates
as patients with PET2—/PET4— scan results, that is, 90% (range,
47%-99%) versus 90% (range, 87%—93%), respectively, indicat-
ing that ASUV ..« yields false-positive results when the baseline
SUV,ax 18 less than 10.0.

DISCUSSION

The GAINED study demonstrates that interim PET/CT can
identify slow metabolic-responders (PET2+/PET4—) who gain
benefit from a therapy escalation. Menton 2011 criteria are quite

reproducible, with Cohen k-values ranging
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bolic target) may be problematic, as a
SUVmax discrepancy of greater than or
equal to 10% was noted in 21% of PETO0
interpretations. In these situations, an adjudi-
cation was performed, and the adjudicator
chose the same SUV ., as a central reviewer
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FIGURE 2. Kaplan-Meier estimates of progression-free survival according to metabolic response
at PET2 and PET4 using Menton 2011 criteria (per protocol) (A) and ASUV .« alone (post hoc

analysis) (B).
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in 97% of cases, whereas he agreed with the
local reader in only 3%. This finding empha-
sizes that SUV . identification on baseline
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FIGURE 3. Kaplan-Meier estimates of progression-free survival in subgroup of patients with
PET-positive scan results at PET2 (A) and PET4 (B) according to interpretation criteria: Menton 2011
(i.e., “special cases” consecutive to interim SUV o of >5.0) or ASUV, 4« alone.

PET is more reliable when using a dedicated software and strict rules
to identify the target lesion (maximum intensity projection display, use
of a graded color scale and a spheric volume of interest), as previously
proposed (2,7).

When comparing ASUV ..« alone with Menton 2011 criteria for
the assessment of interim metabolic response, we emphasize that
ASUV ..« alone could be preferentially used in DLBCL patients
when a PET-driven escalation strategy is planned. Indeed,
ASUV ...« led to the same conclusion (PET positive or PET nega-
tive) between the local investigator and the central review in 97%
of cases, whereas this finding occurred in only 32% in the special
cases of Menton 2011 interpretations, pointing out the variability
of visual interpretation. When evaluating outcomes (Fig. 3), we
found that patients with PET scan results that were positive by
ASUV ...« alone tended to have a lower PFS than patients with
PET scan results that were negative by ASUV ., but that were
considered positive by Menton 2011 (interim SUV,,,, of >5.0).
This finding may have affected the PET-driven escalation scheme,
as some PET2+ scan results were intensified with ASCT,
although the patients would have received standard consolidation
if the ASUV ., alone had been used. Although it is possible that
ASCT intensification was beneficial for a small proportion of these
patients, it may have also slightly overestimated the beneficial
prognostic impact of ASCT in patients with PET2+/PET4— scan
results.

In a retrospective analysis of 189 DLBCL patients homogenously
treated with rituximab + cyclophosphamide, doxorubicin, vincris-
tine, prednisone, Mikhaeel et al. demonstrated that patients with a
ASUV, .« 0f less than 66% after 2 rituximab + cyclophosphamide,
doxorubicin, vincristine, prednisone treatments had worse PFS than
those with ASUV,,,,, of greater than or equal to 66%, whereas the
Deauville criteria (1, 2, 3 vs. 4, 5 and 1, 2, 3, 4 vs. 5) were not pre-
dictive (15). Recently, Michaud et al. demonstrated in a 166 DLBCL
patients who underwent a PET-driven escalation strategy, that the
combination of ASUV,,,, and Deauville criteria after 4 cycles of
chemotherapy (according to the recommendation of the Menton
2011 consensus) could improve risk stratification for patients with
extremely poor prognosis, compared with the Deauville classification
alone (/6). However, they did not analyze the prognostic value of
the ASUV,,,,, alone, which in our series of 581 patients, suggests an
even better prognostic value.

1710

interim metabolic response. However, the
PETAL study design was different to ours
and the benefits of the PET-driven strat-
egy in terms of PFS was not comparable
with the benefits seen in the GAINED
trial, not due to interim PET issues, but to an inappropriate exper-
imental arm in terms of tumor control.

Our study has several limitations. Because the GAINED trial
was a PET-driven escalation strategy in which all patients with
PET2+/PET4— scan results received ASCT intensification, it
remains difficult to definitively evaluate the prognostic impact of
the ASUV,,.x alone. In addition, semiquantitative data provided
here are available for the generation of PET/CT scanners between
2013 and 2015. Newer generations of digital detectors with
improved sensitivity/spatial resolution and image reconstruction
methods using resolution or point spread function (PSF) modeling
or statistical recovery of partial-volume effects to improve SUV
calculation (/8), typically result in 2-fold-higher values than with
older scanners. The special cases, in which PET results that were
negative by ASUV ., are considered PET positive because residual
uptake is greater than 5.0 will probably be more frequent in the
future. To overcome this bias, the current recommendation is to
perform an EANM Research Ltd.—compliant reconstruction to
interpret interim PET/CT, either visually or semiquantitatively (/9).

CONCLUSION

Assessment of interim metabolic response by —Menton 2011
criteria is quite reproducible and translatable to routine practice.
However, we recommend the use of the ASUV,,.. alone for
interim PET evaluation in DLBCL as many patients with PET-
negative scan results and interim SUV,,,, of greater than 5.0 are
considered to have PET-positive scan results when Menton 2011
is used. These special cases demonstrate similar or better outcome
when using the ASUV,,,, alone and better agreement between
local and central readers. The only situation where ASUV ..
should be interpreted with caution is when baseline SUV,,,, is less
than 10.0.
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KEY POINTS

QUESTION: Is the prognostic value of the ASUV, ..« alone as
efficient as the use of both ASUV, .« and the Deauville score for
early metabolic response evaluation in DLBCL?

PERTINENT FINDINGS: ASUV,,,.« is reproducible and can identify
early slow metabolic responders for whom a therapy escalation
scheme can be proposed. The only situation in which the
Deauville score is preferable for evaluating the interim metabolic
response is when the baseline SUV, 4 is less than 10.0.

IMPLICATIONS FOR PATIENT CARE: We recommend the use
of the ASUV,,ax alone in routine practice for interim PET evaluation
of the therapeutic response in DLBCL to identify patients for
whom therapy escalation can be proposed, according to the
GAINED trial.

REFERENCES

1. Cheson BD, Fisher RI, Barrington SF, et al. Recommendations for initial evalua-
tion, staging, and response assessment of Hodgkin and non-Hodgkin lymphoma:
the Lugano classification. J Clin Oncol. 2014;32:3059-3068.

. Lin C, Itti E, Haioun C, et al. Early E_FDG PET for prediction of prognosis in
patients with diffuse large B-cell lymphoma: SUV-based assessment versus visual
analysis. J Nucl Med. 2007;48:1626—1632.

3. Itti E, Lin C, Dupuis J, et al. Prognostic value of interim 8E-FDG PET in patients

with diffuse large B-cell lymphoma: SUV-based assessment at 4 cycles of chemo-
therapy. J Nucl Med. 2009;50:527-533.

IS

ASUV,,,. FOR INTERIM PET IN DLBCL -+

w

(=}

=

K=l

. Casasnovas RO, Meignan M, Berriolo-Riedinger A, et al. SUV ,,, reduction

improves early prognosis value of interim positron emission tomography scans in
diffuse large B-cell lymphoma. Blood. 2011;118:37-43.

. Safar V, Dupuis J, Itti E, et al. Interim ['®F]fluorodeoxyglucose positron emission

tomography scan in diffuse large B-cell lymphoma treated with anthracycline-
based chemotherapy plus rituximab. J Clin Oncol. 2012;30:184—190.

. Yang DH, Ahn JS, Byun BH, et al. Interim PET/CT-based prognostic model for

the treatment of diffuse large B cell lymphoma in the post-rituximab era. 4nn
Hematol. 2013;92:471-479.

Itti E, Meignan M, Berriolo-Riedinger A, et al. An international confirmatory study
of the prognostic value of early PET/CT in diffuse large B-cell lymphoma: compar-
ison between Deauville criteria and DeltaSUV,,,,x. Eur J Nucl Med Mol Imaging.
2013;40:1312-1320.

. Nols N, Mounier N, Bouazza S, et al. Quantitative and qualitative analysis of meta-

bolic response at interim positron emission tomography scan combined with Inter-
national Prognostic Index is highly predictive of outcome in diffuse large B-cell
lymphoma. Leuk Lymphoma. 2014;55:773-780.

. Meignan M, Gallamini A, Itti E, Barrington S, Haioun C, Polliack A. Report on

the third international workshop on interim positron emission tomography in lym-
phoma held in Menton, France, 26-27 September 2011, and Menton 2011 consen-
sus. Leuk Lymphoma. 2012;53:1876-1881.

. Le Gouill S, Ghesquieres H, Oberic L, et al. Obinutuzumab vs rituximab for

advanced DLBCL: a PET-guided and randomized phase 3 study by LYSA. Blood.
2021;137:2307-2320.

. Meignan M, Itti E, Bardet S, et al. Development and application of a real-time

on-line blinded independent central review of interim PET scans to determine treat-
ment allocation in lymphoma trials. J Clin Oncol. 2009;27:2739-2741.

. Itti E, Juweid ME, Haioun C, et al. Improvement of early '8F_FDG PET interpreta-

tion in diffuse large B-cell lymphoma: importance of the reference background.
J Nucl Med. 2010;51:1857-1862.

. Casasnovas RO, Ysebaert L, Thieblemont C, et al. FDG-PET-driven consolidation

strategy in diffuse large B-cell lymphoma: final results of a randomized phase 2
study. Blood. 2017;130:1315-1326.

. Landis JR, Koch GG. The measurement of observer agreement for categorical

data. Biometrics. 1977;33:159-174.

. Mikhaeel NG, Cunningham D, Counsell N, et al. FDG-PET/CT after two cycles of

R-CHOP in DLBCL predicts complete remission but has limited value in identify-
ing patients with poor outcome: final result of a UK National Cancer Research
Institute prospective study. Br J Haematol. 2021;192:504-513.

. Michaud L, Bantilan K, Mauguen A, Moskowitz CH, Zelenetz AD, Schoder H.

Prognostic value of '®F-FDG PET/CT in diffuse large B-cell lymphoma treated
with a risk-adapted immunochemotherapy regimen. J Nucl Med. 2023;64:536-541.

. Diihrsen U, Muller S, Hertenstein B, et al. Positron emission tomography-guided

therapy of aggressive non-Hodgkin lymphomas (PETAL): a multicenter, random-
ized phase III trial. J Clin Oncol. 2018;36:2024-2034.

. van der Vos CS, Koopman D, Rijnsdorp S, et al. Quantification, improvement, and

harmonization of small lesion detection with state-of-the-art PET. Eur J Nucl Med
Mol Imaging. 2017;44:4-16.

. Barrington SF, Sulkin T, Forbes A, Johnson PWM. All that glitters is not gold:

new reconstruction methods using Deauville criteria for patient reporting. Eur J
Nucl Med Mol Imaging. 2018;45:316-317.

Itti et al. 1711
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Since the development of fibroblast activation protein-targeted radio-
pharmaceuticals, ®®Ga-fibroblast activation protein inhibitor (FAPI)
PET/CT has been found to be suitable for detecting primary and meta-
static lesions in many types of tumors. However, there is currently a
lack of reliable data regarding the clinical impact of this family of
probes. To address this gap, the present study aimed to analyze the
clinical impact of ®Ga-FAPI PET/CT by examining a large cohort of
patients with various tumors. Methods: In total, 226 patients (137
male and 89 female) were included in this retrospective analysis. Pan-
creatic cancer and head and neck cancers were the most common
tumor types in this cohort. TNM stage and oncologic management
were initially determined with gold standard imaging, and these results
were compared with ®Ga-FAPI PET/CT. Changes were classified as
major and minor. Results: For 42% of all patients, TNM stage was
changed by ®8Ga-FAPI| PET/CT results. Most of these changes re-
sulted in upstaging. A change in clinical management occurred in 117
of 226 patients. Although a major change in management occurred in
only 12% of patients, there was a significant improvement in the ability
to accurately plan radiation therapy. In general, the highest clinical
impact of ®Ga-FAPI PET/CT imaging was found in patients with lung
cancer, pancreatic cancer, and head and neck tumors. Conclusion:
58Ga-FAPI PET/CT is a promising imaging probe that has a significant
impact on TNM stage and clinical management. ®Ga-FAPI PET/CT
promises to be a crucial new technology that will improve on
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conventional radiologic imaging methods such as contrast-enhanced
CT and contrast-enhanced MRl typically acquired for cancer staging.

Key Words: FAPI; PET/CT; management; staging; radiation therapy
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Individualized treatment approaches and personalized medicine
play a crucial role in modern oncology. Accurate staging and re-
staging are essential for making informed clinical decisions in oncol-
ogy. Over 40y ago, 8F-FDG PET/CT emerged as an integral
imaging probe for various tumors, such as lung cancer. In 1999, Nes-
tle et al. reported a reduction in the size of radiotherapy portals based
on 'F-FDG PET/CT information in a small retrospective cohort of
lung cancer patients (/). Since then, '®F-FDG PET-based radiother-
apy planning has demonstrated improved treatment efficacy, reduced
observer variation, and improved local control without increasing
toxicity rates (2—4). Although '3F-FDG has sufficient sensitivity
and specificity, it has some well-known limitations. Physiologic
8F-FDG uptake in organs such as the brain or pharyngeal lym-
phoid tissue can hinder tumor detection in these anatomic regions
(5). Additionally, false-positive uptake can be observed in activated
brown fat and inflammation (6). Moreover, certain tumor types
with low glucose transporter or hexokinase activity are not suitable
for '8F-FDG PET/CT (7). Therefore, there is a need for novel tra-
cers that can be widely used for patients with malignant tumors.
Considering that fibroblast activation protein (FAP) is highly
expressed by stromal fibroblasts in more than 90% of epithelial can-
cers, radiolabeled FAP inhibitor (FAPI) tracers have shown promis-
ing diagnostic performance for oncologic imaging (8). Initial clinical
results have demonstrated high uptake and image contrast in several
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FIGURE 1. Flowchart displaying distribution of exclusion criteria among
449 cancer patients who underwent ®8Ga-FAPI PET/CT at University Hos-
pital Heidelberg between June 2017 and February 2022 (left side) and
fractions of included patients who could be analyzed with regard to TNM
staging and clinical management.

tumor types, detecting many more lesions than conventional imaging
(9,10). Numerous trials have confirmed the efficacy of ®*Ga-FAPI
PET/CT as an efficient imaging probe and have suggested its superi-
ority over '8F-FDG for certain tumors (7,11,12). However, the impact
of ®Ga-FAPI PET/CT on clinical practice remains unclear, with only
a few small trials assessing the impact on staging and oncologic man-
agement (13,14). Here, we evaluated the role of **Ga-FAPI PET/CT
on TNM staging and oncologic management in a large retrospective
patient cohort across multiple types of solid tumors.

MATERIALS AND METHODS

Data Collection
Between June 2017 and February 2022, 449 patients with various
cancers were referred for *®Ga-FAPI PET/CT imaging. All patients

%8Ga-FAPI PET/CT IMPACT ON MANAGEMENT  *

TABLE 1
GSI Modalities According to Type of Cancer

Patients
Entity (n) GSI
Pancreatic ductal 77 ceCT or ceMRI
adenocarcinoma
Head and neck cancer 29 ceCT or ceMRI
Lung cancer 23 ceCT (supplementary
8F_FDG PET/CT for
5 patients)
Gliomas 21 ceMRI
Colorectal cancer 20 ceCT or ceMRI
(supplementary
8E_FDG PET/CT for
5 patients)
Sarcomas 11 ceCT or ceMRI
Esophageal cancer 10 ceCT (supplementary
"8F-FDG PET/CT for
1 patient)
Prostate cancer 3 ceCT and ceMRI (7) or
18F_PSMA PET/CT (2)
Thyroid cancer 5 ceCT or ceMRI
(supplementary
8E_FDG PET/CT
for 3 patients,
supplementary
58Ga-DOTATOC
PET/CT for 1 patient)
Ovarian cancer 4 'SF_-FDG PET/CT and
supplementary ceCT
or ceMRI
Breast cancer 2 ceCT (supplementary
"8F-FDG PET/CT for
1 patient)
Hepatic cancer 4 ceCT or ceMRI
Cancer of unknown ceCT
primary
Melanoma 1 ¢ceCT and ceMRI
Gastric cancer 1 ceCT
Cervical cancer 2 ceCT or ceMRI
Thymus cancer 1 ceCT
Lymphoma 1 ceCT
Gallbladder cancer 2 ceCT
Chordoma 1 ceCT
Renal cancer 1 ceCT
Esthesioneuroblastoma 1 ceCT
Cholangiocellular 4 ceCT or ceMRI
carcinoma
Appendix cancer 1 ceCT
Total 226

ceCT = contrast-enhanced CT; ceMRI = contrast-enhanced
MRI.

underwent conventional gold standard imaging (GSI). °®Ga-FAPI PET
was also performed to address issues such as inconclusive findings on
other imaging modalities or to assist in radiotherapy planning. Of the
449 patients initially referred, 226 were selected for this retrospective
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FIGURE 2. Sankey plots displaying ®®Ga-FAPI PET/CT-related changes in N and M staging of pancreatic cancer (A), head and neck tumors (B), and
lung cancer (C). Gray boxes indicate identical staging based on GSI and ®3Ga-FAPI PET/CT. Red curves indicate upstaging based on ®®Ga-FAPI
PET/CT compared with GSI. Green curves indicate downstaging based on ®Ga-FAPI PET/CT compared with GSI.
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TABLE 2
Changes in TNM Staging

Staging

Entity Patients (n) Unchanged Major up Major down Minor up Minor down Explanatory note

PDAC 77 44 26 6 1 0

HNC 29 19 2 1 1

Lung cancer 23 10 9 2 0 In 2 cases, major upstaging and
major downstaging at same
time; in 1 case, major
downstaging and minor
upstaging at same time

Gliomas 21

Colorectal cancer 20 10 6 3 1

Sarcomas 11 6 2 3

Esophageal cancer 10 5 1 2 1 1

Thyroid cancer 5 3 1 1

Others* 30 22 6 3 0 0 In 1 case, major up- and
downstaging at same time

Total number 226 119 53 29 6 2

*Prostate cancer, ovarian cancer, breast cancer, hepatic cancer, cancer of unknown primary, melanoma, gastric cancer, cervical
cancer, thymus cancer, lymphoma, gallbladder cancer, chordoma, renal cancer, esthesioneuroblastoma, cholangiocellular carcinoma,

appendix cancer.

PDAC = pancreatic ductal adenocarcinoma; HNC = head and neck cancer.

analysis on the basis of the following inclusion criteria: an age of 18 y
or older, adequate GSI data available, no secondary malignancy within
5y, and an interval of less than 100 d between GSI and %*Ga-FAPI
PET, with no intervening therapy and no evidence of progression
between GSI and °®Ga-FAPI PET (Fig. 1). The local institutional
review board approved this retrospective analysis (study S-430/2022).
A subgroup of patients analyzed here were included in previous pro-
jects with small and midsize patient cohorts, in which we evaluated

the impact of ®Ga-FAPI PET/CT on the staging and clinical manage-
ment of pancreatic ductal adenocarcinomas (/5) and adenoid cystic
carcinomas (/6) but not the impact on staging or clinical management
of %8Ga-FAPI PET/CT for various cancer diseases (9,17-21).

%8Ga-FAPI PET/CT Imaging
Four tracer variants of ®*Ga-FAPI were used in this study: **Ga-
FAPI-02 (21 patients), *®Ga-FAPI-04 (63 patients), *®Ga-FAPI-46

TABLE 3
Changes in Oncologic Management

Clinical management

Entity Patients (n) Unchanged Major Minor Unknown
PDAC 77 34 7 23 13
HNC 29 4 1 24

Lung cancer 23 8 1 13 1
Gliomas 21 6 15

CRC 20 9 & 7 1
Sarcomas 11 5 0 5 1
Esophageal cancer 10 2 8

Thyroid cancer 5 4 1
Others* 30 19 2 8 1
Total number 226 91 14 103 18

*Prostate cancer, ovarian cancer, breast cancer, hepatic cancer, cancer of unknown primary, melanoma, gastric cancer, cervical
cancer, thymus cancer, lymphoma, gallbladder cancer, chordoma, renal cancer, esthesioneuroblastoma, cholangiocellular carcinoma,

appendix cancer.

PDAC = pancreatic ductal adenocarcinoma; HNC = head and neck cancer; CRC = colorectal cancer.

%8Ga-FAPI PET/CT IMPACT ON MANAGEMENT  *
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TABLE 4
Cohort Divided into 3 Subgroups: Primary Staging, Follow-up or Adjuvant Therapy, and
Progressive Disease or Recurrence

TNM staging

Oncologic management

Patients No

No Minor  Major No sufficient

Subgroup (n) change Downstaging Mixed Upstaging Gliomas change change change data
Primary staging 48 26 5 2 8 7 11 34 2

Follow-up 91 54 13 0 19 5 42 32 4 13
Progressive disease 84 36 9 2 28 9 37 37 8 2
Unclear 3 3 0 0 0 0 1 0 0 2
Total 226

(101 patients), and °®Ga-FAPI-74 (41 patients). All tracers were syn-
thesized and labeled as previously described (22—24). A Siemens Bio-
graph mCT Flow scanner was used for PET imaging, according to
previously published protocols (/0). Briefly, a low-dose CT scan with
or without contrast medium was first obtained, followed by a
3-dimensional PET acquisition (matrix, 200 X 200). After image
reconstruction, emission data were corrected for attenuation, scatter,
and decay. All PET scans were acquired 60 min after administration of
200 = 50 MBq of *®Ga-labeled FAPI tracers.

TNM Staging Based on *®Ga-FAPI PET Compared with GSI

Staging guidelines were based on the eighth edition of the TNM clas-
sification of malignant tumors of the Union for International Cancer
Control based on GSI and *®Ga-FAPI PET/CT findings by 1 board-
certified radiologist, 1 board-certified radiation oncologist, and 2 board-
certified nuclear medicine physicians in consensus. Staging was based
on reviewing clinical imaging records, but if the written record was
inadequate, images were reviewed by three of the authors.

Table 1 lists GSI modalities according to the types of cancer.
Changes in TNM stage, numeric changes, and the location of metasta-
ses were recorded. Staging changes comparing *®Ga-FAPI PET with
GSI were considered major according to the following criteria: T, any
change in T stage or evidence of invasion of other organs by the

A

Primary staging

Follow-up

PDirecurrence

. Mixe

. Upstaging

. No change
_i Downstaging

Primary staging
Follow-up

PD/recurrence

Minor change . Major change

. No change

FIGURE 3. Relative distribution of ®®Ga-FAPI PET-related changes in
TNM staging (A) and clinical management (B) in different clinical settings
(primary staging, follow-up, and progressive disease [PD}/recurrence).
Bars are scales to 100% of patients analyzed per group.
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primary tumor; N, a change from NO to N+ or vice versa; and M, a
change from MO to M+ or detection of new metastases in other organs
or vice versa. Minor staging changes were classified according to the
following criteria: N, detection of additional lymph node metastases in
N-+-positive patients if not affecting N stage; and M, detection of addi-
tional distant metastases in the same organ or vice versa. Sankey plots
for Figure 2 were produced using the freeware tool SankeyMATIC
(www.sankeymatic.com).

Evaluation of Impact of ®®Ga-FAPI PET on
Oncologic Management

Changes in clinical management related to additional findings on
%8Ga-FAPI PET were recorded after retrospective review of patient
charts by three of the authors. Changes in oncologic management (man-
agement based on **Ga-FAPI PET/CT vs. management based on GSI)
were classified as follows: fundamental alterations in the type or intent
of treatment type were classified as major, whereas changes within an
already prescribed treatment regime were classified as minor.

Statistical Analysis
Data were analyzed descriptively by comparing numeric results and
percentages of TNM changes and changes in oncologic management.

RESULTS

Patient Characteristics

Our cohort consisted of 137 male and 89 female patients with a
mean age of 62y (range, 20-86y). In 48 patients imaging was per-
formed at initial diagnosis, whereas in 50 patients imaging was
performed for assessing metastatic disease. In 34 patients imaging
was obtained for progressive disease, in 77 patients it was
obtained for follow-up, and in 14 patients it was obtained in the
adjuvant setting after surgery. In 3 cases the clinical situation
could not be determined. The most common tumor site was pan-
creatic cancer (77 patients), head and neck tumors (29 patients),
and lung cancer (23 patients). The cohort also included some rare
tumors such as uterine sarcoma, appendiceal carcinoma, and thy-
mus cancer. Oncologic diagnoses and clinical characteristics are
listed by tumor type in Supplemental Table 1 (supplemental mate-
rials are available at http://jnm.snmjournals.org).

Impact of ®8Ga-FAPI PET on TNM Staging

Among 205 patients, 86 (42%) experienced a TNM change after
%8Ga-FAPI PET/CT. For most (91%) of these cases, a major
change was observed, and upstaging (53 major, 6 minor) was
more frequent than downstaging (29 major, 2 minor). The most
frequent reason for upstaging was the detection of new metastases
on ®Ga-FAPI PET/CT compared with GSI. Three patients with
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occurred in only 14 patients (12%). The
major changes in management after **Ga-
FAPI PET/CT included irradiation of a
new organ, °®Ga-FAPI radioligand therapy,
chemotherapy in place of radiation therapy,
additional treatments such as surgery or
chemotherapy, or a change in treatment
intent (curative vs. palliative). Major treat-
ment changes due to *Ga-FAPI PET/CT
more frequently led to systemic therapy in
place of local treatment (4 cases) or local
treatment in place of systemic treatment
(1 case). Among the minor changes caused
by findings on ®®Ga-FAPI PET/CT, the
most frequent was adjustment of the target
volume for patients undergoing radiation
therapy. Clinical management changed
most frequently for pancreatic cancer (7
major, 23 minor), lung cancer (1 major, 13
minor), and head and neck tumors (1 major,
24 minor). Table 3 shows the changes in
oncologic management for all cancer types,
and Supplemental Table 6 shows changes
in oncologic management for each of the
rare entities.

Differences Between Clinical Settings
To evaluate the potential influence of
disease state on the impact of **Ga-FAPI
PET/CT, we divided our cohort into 3 sub-
groups: primary staging (n = 48), follow-up
or adjuvant therapy (» = 91), and progres-
sive disease or recurrence (n = 84). Three

FIGURE 4. Example images of 64-y-old woman with recurrent pancreatic ductal adenocarcinoma.
(A) Maximum-intensity projection (MIP) of ®8Ga-FAPI PET. (B) Axial ®8Ga-FAPI PET/CT images and
contrast-enhanced CT (ceCT) images of suggestive lesions (arrows: lesions 1 and 2, pulmonary
metastasis and mediastinal lymph node metastasis; lesion 3, paraaortic lymph node metastasis)

detected by ®Ga-FAPI PET. HU = Hounsfield units.

carcinoma of the gallbladder (/) and lung cancer (2) had both
major upstaging and major downstaging after **Ga-FAPI PET/CT.
In addition, 1 patient with lung cancer showed major downstaging
and minor upstaging. Major changes occurred most frequently for
pancreatic cancer patients (26 upstaged, 6 downstaged) and lung
cancer (5 upstaged, 9 downstaged). Table 2 provides an overview
of changes in TNM staging for all patients, and Supplemental
Table 5 provides changes in TNM staging of rare entities. Figure 2
depicts changes in N and M staging of the 3 most common enti-
ties—pancreatic cancer, head and neck tumors, and lung cancer—
in Sankey plots. Supplemental Tables 2—4 provide an overview of
the locations of the additional findings on ®®Ga-FAPI PET/CT
compared with GSI, as well as °®Ga-FAPI-negative lesions, which
led to staging changes in these 3 entities. For 21 patients with gli-
oma, there were no TNM staging guidelines.

Impact of ®8Ga-FAPI PET on Patient Management

Among the 226 patients who underwent ®Ga-FAPI PET/CT for
staging or restaging, 18 had no further clinical information avail-
able. Of the remaining 208 patients, 117 (56.3%) had a change in
clinical management; however, major changes in management

%8GA-FAPI PET/CT IMPACT ON MANAGEMENT  *

patients for whom the clinical setting re-
mained unclear were excluded (Table 4).
%8Ga-FAPI PET/CT led to changes in TNM
staging less frequently in the primary and
follow-up settings than in the progressive
disease/recurrence setting. However, the
impact on oncologic management was high-
est in the primary setting, followed by progressive disease/recurrence
and finally follow-up, mostly because of ®*Ga-FAPI PET/CT-related
changes in radiotherapy planning (Fig. 3).

Case Vignettes

Case 1. A 64-y-old woman with pancreatic ductal adenocarci-
noma achieved a complete remission after resection of the tail of
the pancreas, with splenectomy, lymphadenectomy, and adjuvant
chemotherapy (FOLFIRINOX [fluorouracil, leucovorin, irinote-
can, and oxaliplatin] and oxaliplatin) and resection of the paraaor-
tic lymph nodes and pulmonary metastases (Fig. 4). The tumor
marker CA 19.9 had increased from 960 to 1,600 ng/mL, but resta-
ging with contrast-enhanced CT did not reveal any sites of recur-
rence. A *8Ga-FAPI PET/CT scan revealed pulmonary metastases
with mediastinal and paraaortic lymph node metastases. Retro-
spectively, we observed faint radiologic correlates for these meta-
stases on previous CT scans, which were not prospectively
interpreted as positive. Thus, ®Ga-FAPI PET/CT restaged the
patient from cTOcNOcMO to cTxcN1cMI1, leading to a major
change in oncologic management. Previously, the patient was
being observed, but after the ®*Ga-FAPI PET/CT scan, systemic

Koerber et al. 1717



A 18F.FDG-PET/CT

— %+ — Lesion1

Lesion 3

Lesion 1

Lesion 2

Lesion 3

58Ga-FAPI-PET/CT

 lesion2 — g

underwent definitive irradiation of the medi-
astinum and cervical lymph nodes.

DISCUSSION

Although the sensitivity for detecting
cancers with ®®Ga-FAPI PET/CT has been
well reported, to date there is little informa-
tion on the clinical impact of *®Ga-FAPI
PET/CT on oncologic patients. Our large-
cohort-based results substantiate smaller
studies, in which the impact of °®Ga-FAPI
PET on the staging and management of
pancreatic ductal adenocarcinoma and on

\ the staging of adenoid cystic carcinoma

was reported (75,16). In the current analy-
sis, we observed that ®Ga-FAPI PET/CT
resulted in changes in TNM staging in
about 40% of patients. The impact on TNM
staging was particularly pronounced in
clinical settings of progressive disease and
recurrence, which is in line with our previ-
ous findings in pancreatic ductal adenocar-
cinoma staging (/5). In this diverse group
of cancers, ®*Ga-FAPI PET/CT had the
largest impact on pancreatic and lung
cancer. Although '8F-FDG PET/CT is clini-
cally well established in lung cancer, ®3Ga-
FAPI PET/CT appeared to surpass '*F-FDG
PET/CT in detecting additional disease,
thus altering TNM staging. For instance,
whereas '8F-FDG PET/CT altered staging
in 35% of patients with non—small cell lung
cancer, compared with CT, in this study
%8Ga-FAPI PET/CT altered staging in 56%
of such patients. (25). Similar results were
observed for '8F-FDG PET/CT for gastric
adenocarcinoma, hepatic carcinoma, and
! pancreatic cancer (26—-29). The PET-PANC

>
=
(2]

trial demonstrated that 'F-FDG PET/CT
correctly changed the staging of pancreatic
cancer in only 56 of 550 patients. However,

FIGURE 5. Example images of 78-y-old man with primary non-small cell lung cancer. (A)
Maximum-intensity projection of '®F-FDG PET and ®®Ga-FAPI PET. (B) Axial '®F-FDG PET/CT and
58Ga-FAPI PET/CT of suggestive lesions (arrows: lesion 1, cervical lymph node metastasis; lesion 2,
non-small cell lung cancer with involvement of mediastinal lymph nodes; lesion 3, left adrenal mass).
Although lesions 1 and 2 were clearly detectable by both PET scans, lesion 3 was '®F-FDG-avid but

not confirmed by ®3Ga-FAPI PET.

chemotherapy (FOLFIRINOX followed by 5-fluorouracil) was
administered and resulted in regression of the pulmonary and lym-

phatic tumor lesions.
Case 2. A 78-y-old man presented with primary non—small cell

lung cancer. GSI with '®F-FDG PET/CT showed extensive mediasti-
nal involvement, with cervical lymph node and adrenal metastases
(Fig. 5). ®®Ga-FAPI PET/CT confirmed the primary and cervical
lymph node disease, but the adrenal mass did not demonstrate uptake
and was therefore reassessed as more likely benign. Before the **Ga-
FAPI PET/CT, the patient was to undergo selective irradiation of the
left adrenal gland, but this was cancelled after the scan. The patient

1718

E-FDG PET/CT influenced management
in 250 (45%) patients and stopped resection
in 58 (20%) patients who were due to have
surgery (30). In the current study, only a
small percentage of patients had prior PET
imaging (‘8F-FDG, ®*Ga-DOTATOC, *Ga-
PSMA) as part of their standard workup,
and therefore, no comparison between %8Ga-FAPI and other PET tra-
cers can be made. However, a structured head-to-head comparison
of staging based on ®®Ga-FAPI PET/CT and '®F-FDG PET/CT
would be great interest, since the latter modality is so frequently per-
formed as a standard of care.

The findings on ®Ga-FAPI PET/CT influencing TNM staging
also had a direct impact on clinical management. More than half
our cohort had a change in management due to findings on *®*Ga-
FAPI PET/CT that differed from GSI. A similar change of 30%—
62% in patient management was seen after the introduction of
PSMA PET/CT in prostate cancer, thus demonstrating the power of
targeted PET agents to alter patient care (3/—34). Interestingly, the
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greatest impact was on radiation therapy planning—for both PSMA
PET/CT and %Ga-FAPI PET/CT—which underscores the addi-
tional value of PET imaging for radiotherapy planning. In our
cohort, PET imaging was able to enhance target volume delinea-
tion, leading to reduced exposure of organs at risk and improved
definition of the target volume. This finding is in line with findings
from a large PET trial for patients with non—small cell lung cancer
undergoing chemoradiation. Nestle et al. concluded that '8F-FDG
PET-based planning was able to improve local control at no cost of
added toxicity (4). Similarly, ®Ga-FAPI PET/CT also decreases
off-target exposure and improves the target volume delineation,
resulting in improved dosimetry for radiotherapy. As a side note,
%8Ga-FAPI PET/CT appears to be superior to other modalities in
detecting peritoneal carcinosis, which is often difficult to detect on
imaging. Several prior studies have suggested that %®Ga-FAPI
PET/CT has a higher sensitivity and specificity in the detection of
peritoneal lesions in ovarian and colorectal cancer (35,36). Our data
suggest that %8Ga-FAPI PET/CT is an extremely promising diag-
nostic approach for peritoneal disease and is more sensitive and
specific than contrast-enhanced CT and contrast-enhanced MRI.

This study had several limitations. First, this retrospective trial
was conducted at a single institution; however, the large size of the
study counters, to some extent, potential patient selection biases.
Most of the findings on ®®Ga-FAPI PET/CT were not histologically
verified, although false positives can occur. There was also no evi-
dence that the prescribed changes in patient management resulted
in improved patient outcomes. Instead of 1 unified type of **Ga-
FAPI PET/CT, 4 chemical variants were used, creating additional
variables. However, most of the agents tested here appear to per-
form similarly, reducing the impact of this factor. Because the
exclusion criteria allowed for a relatively long interval between
GSI and ®®Ga-FAPI PET/CT (<100 d), we cannot fully exclude
the possibility that in some patients the differences in TNM staging
might have been due to actual disease progression. Thus, the results
of this study must be considered preliminary. Despite these limita-
tions, these results provide a basis for prospective randomized
trials that can provide level 1 evidence of the value of ®*Ga-FAPI
PET/CT.

CONCLUSION

This study demonstrated that *®Ga-FAPI PET/CT impacts both
TNM staging and oncologic management in a high percentage of
cancer patients with a variety of cancer types. ®Ga-FAPI PET/CT
detected numerous malignant lesions (in particular lung cancer, pan-
creatic cancer, and head and neck cancers) not visible on standard
imaging and helped radiation therapy planning achieve superior tar-
get delineation. This innovative technology offers the potential to
improve outcomes for patients by better defining the full extent of
their disease.
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KEY POINTS

QUESTION: Does the addition of ®Ga-FAPI PET/CT to GSI
impact the TNM staging and clinical management of oncologic
patients?

PERTINENT FINDINGS: ®3Ga-FAPI PET/CT altered TNM stage in
42% of all patients and resulted in changes in clinical manage-
ment in 52% of all patients, underscoring its potential utility in the
diagnostic workup of cancers.

IMPLICATIONS FOR PATIENT CARE: ®®Ga-FAPI PET/CT in
addition to GSI impacts TNM staging and oncologic management
in a high percentage of patients with various cancers, resulting in
meaningful changes in treatment.
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177Lu-PSMA-617 and '""Lu-PSMA I&T (collectively termed '""Lu-
PSMA) are currently being used for the treatment of selected meta-
static castration-resistant prostate cancer (MCRPC) patients with
PSMA PET-positive disease, but biomarkers for these agents remain
incompletely understood. Methods: Pretreatment circulating tumor
DNA (ctDNA) samples were collected from 44 mCRPC patients
receiving '""Lu-PSMA treatment. Prostate-specific antigen respon-
ders and nonresponders were assessed relative to the ctDNA findings
at baseline. Results: The ctDNA findings indicated that nonrespon-
ders were more likely to have gene amplifications than were respon-
ders (75% vs. 39.2%, P = 0.03). In particular, amplifications in FGFR1
(25% vs. 0%, P = 0.01) and CCNET (31.2% vs. 0%, P = 0.001) were
more likely to be present in nonresponders. CDK12 mutations were
more likely to be present in nonresponders (25% vs. 3.6%, P = 0.05).
Conclusion: Our analyses indicate that ctDNA assays may contain
specific biomarkers predictive of response or resistance for '7’Lu-
PSMA-treated mCRPC patients. Additional confirmatory studies are
required before clinicians can use these findings to make personalized
treatment decisions.

Key Words: radiopharmaceuticals; Lu-177; PSMA; biomarkers;
ctDNA,; prostate cancer
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Two radioligand therapies being used for patients with metastatic
castration-resistant prostate cancer (nCRPC) are ""Lu-PSMA-617
and ""Lu-PSMA-I&T (collectively termed '7’Lu-PSMA). In the
phase III VISION trial, '"’Lu-PSMA prolonged radiographic
progression-free survival and overall survival in PSMA-positive
mCRPC patients (/). With supporting data from the phase III
VISION trial, both the U.S. Food and Drug Administration and
the European Commission approved '"’Lu-PSMA in 2022 for
mCRPC patients previously treated with an androgen-receptor
pathway inhibitor and taxane-based chemotherapy.

Many data have accumulated concerning the use of PSMA PET
scans as a predictive biomarker for '”’Lu-PSMA therapy (2,3).
Despite the importance of this image-based biomarker, additional
factors such as chemotherapy status, baseline hemoglobin level,
number of metastases, bone involvement, and liver metastases are
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also associated with response and resistance to therapy (2). These
biomarkers may play an important prognostic role for those being
treated with this targeted radionuclide. Determining which prostate
cancer patients will most benefit from !”’Lu-PSMA is of consider-
able interest given that this therapy is expensive and alternatives
such as cabazitaxel might also be considered in therapeutic
decision-making. The use of circulating tumor DNA (ctDNA) has
emerged as an important noninvasive blood-based biomarker in
prostate cancer therapeutics (4,5), and such approaches have now
been approved by the Food and Drug Administration for therapeu-
tic selection. Using ctDNA to assess somatic alterations in tumors
is now established, and these somatic alterations have been shown
to have prognostic significance. Despite the extensive body of evi-
dence that has accumulated for a variety of diseases and therapies,
to our knowledge no ctDNA data have been presented regarding
the potential prognostic utility of ctDNA assays in mCRPC patients
treated with 7’Lu-PSMA. Here, we present such experience.

MATERIALS AND METHODS

Blood for ctDNA assays to assess selected somatic mutations, ampli-
fications, deletions, and fusions was obtained less than 50 d before
treatment with '"’Lu-PSMA, and all assays were performed using a
commercial assay (Guardant360; Guardant) that has been widely refer-
enced in the literature (6). This assay assesses 83 cancer-associated
genes for mutations, 7 genes for deletions, 18 genes for amplifications,
and 10 genes for various pathogenic fusions. The study included all
consecutive patients with Guardant360 results who were treated at
Tulane University. One additional patient was treated in Germany. No
patients with ctDNA results were excluded.

All patients had mCRPC and PET-positive metastatic disease (>liver
uptake). All patients had prior treatment with abiraterone, enzalutamide,
or both. Most had at least 1 taxane-based chemotherapy. Standard-of-
care therapies were used in combination with '""Lu-PSMA. All but
4 patients were treated with '7’Lu-PSMA-617 (3 patients were treated
with '7Lu-PSMA I&T and 1 with '""Lu-PSMA-R2).

Prostate-specific antigen (PSA) was assessed at baseline (before
77Lu-PSMA treatment) and at every treatment cycle (every 6-8 wk).
PSA declines at any point after treatment were assessed. Those with a
PSA decline of more than 50% were classified as responders, and those
with a lesser PSA decline were classified as nonresponders. This analy-
sis compared responders and nonresponders relative to baseline ctDNA
findings and demographics to assess differences in the 2 subsets using
the Fisher exact methodology or the Mann—Whitney test (when appro-
priate). The comparisons in Table 2 and the P values reported there rep-
resent a direct comparison of the individual genetic alterations in the
responder versus nonresponder groups. The institutional review board
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TABLE 1
Patient Demographics at Baseline

Demographic Nonresponder Responder P
Race
Black 1 0.12
White 12 26
Hispanic 0 N/A
Other 1 0 N/A
Prior treatments
Abiraterone
No 4 3 0.39
Yes 12 25
Enzalutamide
No 5 5) 0.46
Yes 11 23
Docetaxel
No 5 6 0.72
Yes 11 22
Cabazitaxel
No 8 16 0.76
Yes 8 12
223Ra
No 15 23 0.39
Yes 1 )
Metastases
Bone
No 0 6 0.07
Yes 16 22
Lymph node
No 7 16 0.53
Yes 12
Liver
No 12 27 0.05
Yes 4 1
Baseline labs
PSA (ng/mL) 71.5 (4.11-824) 88.9 (7.32-4,235.09) 0.61
Hemoglobin (g/dL) 11.15 (7.7-14) 11.45 (9.8-14.9) 0.16
Alkaline phosphatase (U/L) 163 (69-582) 81 (30-1,253) 0.003
Lactate dehydrogenase (U/L) 249.5 (163-613) 192 (87-695) 0.009

Qualitative data are number; continuous data are median and range.

approved this retrospective study, and the requirement to obtain
informed consent was waived.

RESULTS

As shown in Table 1, the population comprised 44 mCPRC
patients, including 4 Black patients, 38 White patients, 1 Hispanic
patient, and 1 “other.” The baseline PSA level was 71.5 and
88.9 ng/mL in the nonresponders and responders, respectively. The
responders and nonresponders had several distinctions in their

1722

baseline variables. Nonresponders were more likely to have liver
metastases (25% vs. 3.6%, P = 0.05), higher serum lactate dehy-
drogenase levels (median, 249.5 vs. 192.0; P = 0.009), and higher
serum alkaline phosphatase levels (median, 163 vs. 81; P = 0.003).

The ctDNA findings were first assessed for amplifications, dele-
tions, mutations, and splice variations (Table 2). No differences
were noted between responders and nonresponders in the frequency
of deletions, mutations, or splice variations reported by the Guar-
dant360 testing. Amplifications, however, were distinct between
the 2 groups. Those with no response to '”’Lu-PSMA were more
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TABLE 2

Guardant360 Results for All '77Lu Responders and Nonresponders by Gene

Nonresponder Responder
No Yes No Yes
Gene n % n % n % n % P
APC 15 93.75 1 6.25 28 100 0 0 0.36
AR 7 43.75 9 56.25 16 57.14 12 42.85 0.53
ARD1A 16 100 0 0 26 92.85 2 7.14 0.52
ATM 16 100 0 0 24 85.71 4 14.28 0.27
BRAF 16 100 0 0 27 96.42 1 3.57 1
BRCA2 15 93.75 1 6.25 26 92.85 2 7.14 1
CCND1 16 100 0 0 26 92.85 2 7.14 0.52
CCND2 14 87.5 2 12.5 28 100 0 0 0.12
CCNE1 11 68.75 5 31.25 28 100 0 0 0.004
CDH1 16 100 0 0 28 100 0 0 NA
CDK12 12 75 4 25 27 96.42 1 3.57 0.05
CDK4 15 93.75 1 6.25 28 100 0 0 0.36
CDK6 15 93.75 1 6.25 28 100 0 0 0.36
CHEK2 16 100 0 0 27 96.42 1 3.57 1
CTNNB1 16 100 0 0 25 89.28 3 10.71 0
EGFR 13 81.25 3 18.75 26 92.85 2 7.14 0.33
ERBB2 16 100 0 0 27 96.42 1 3.57 1
ESR1 15 93.75 1 6.25 26 92.85 2 7.14 1
FGFR1 12 75 4 25 28 100 0 0 0.01
GATA3 16 100 0 0 27 96.42 1 3.57 1
GNAS 16 100 0 0 25 89.28 3 10.71 0.28
HNF1A 16 100 0 0 28 100 0 0 NA
IDH2 16 100 0 0 27 96.42 1 3.57 1
JAK2 16 100 0 0 27 96.42 1 3.57 1
KIT 16 100 0 0 27 96.42 1 3.57 1
KRAS 14 87.5 2 12.5 28 100 0 0 0.12
MET 15 93.75 1 6.25 27 96.42 1 3.57 1
MSH6 16 100 0 0 28 100 0 0 NA
MYC 15 93.75 1 6.25 28 100 0 0 0.36
NF1 16 100 0 0 27 96.42 1 3.57 1
No ctDNA detected 15 93.75 1 6.25 25 89.28 3 10.71 1
PALB2 16 100 0 0 28 100 0 0 NA
PDGFRA 15 93.75 1 6.25 27 96.42 1 3.57 1
PIK3CA 14 87.5 2 12.5 26 92.85 2 7.14 0.07
PTEN 16 100 0 0 27 96.42 1 3.57 1
RAF1 16 100 0 0 28 100 0 0 N/A
RB1 15 93.75 1 6.25 28 100 0 0 0.36
TERT 16 100 0 0 26 92.85 2 7.14 0.52
TP53 8 50 8 50 12 42.85 16 57.14 0.75
Amplification 4 25 12 75 17 60.71 11 39.28 0.03
Deletion 15 93.75 1 6.25 26 92.85 2 7.14 1
Frameshift 13 81.25 3 18.75 22 78.57 6 21.42 1
Missense 8 50 8 50 11 39.28 17 60.71 0.54
Nonsense 13 81.25 3 18.75 23 82.14 5 17.85 0.65
Promoter SNV 16 100 0 0 26 92.85 2 7.14 0.52
Splice site SNV 13 81.25 3 18.75 26 92.85 2 7.14 0.33
NA = not applicable; SNV = single-nucleotide variant.
cTDNA BIOMARKERS AND /LU PSMA  +  Sartor et al. 1723



likely to have amplifications than were responders (75.0% vs.
39.2%, P = 0.03). When examining the amplifications using a
gene-by-gene analysis, we found that 2 specific amplifications were
distinct between the 2 subsets. Nonresponders were more likely to
have amplification in CCNE! (31.2% vs. 0%, P = 0.004) or
FGFRI (25% vs. 0%, P = 0.01).

There was no difference between responders and nonresponders
in the frequency of pathogenic mutations. However, a gene-by-gene
analysis indicated that CDK12 mutations were more frequent in the
nonresponders than in the responders (25% vs. 3.7%, P = 0.05).

DISCUSSION

PSA nonresponders were significantly more likely to have
amplifications in cancer-associated genes in the ctDNA. Though
this might be viewed as an oversimplistic finding, it was a statisti-
cally significant finding in our analyses. Amplifications are well
known in cancer biology and are clearly related to genomic insta-
bility, a quintessential hallmark of cancer. Of note, the methods
used in these ctDNA assays may not distinguish between amplifi-
cation of a specific gene and an alteration in chromosomal number
(aneuploidy). Thus, the fact that the broad finding of amplifica-
tions is more common in PSA nonresponders may reflect genomic
instability at a larger scale. Additional studies would be required
to confirm or deny this possibility. Optimally, we would have mul-
tiple validation cohorts to confirm the findings reported here.

Two particular amplifications were distinct between these 2
groups, CCNEI and FGFRI. The CCNEI gene encodes for cyclin
E, which has high oncogenic potential. CCNE1 overexpression has
been associated with worse overall survival, progression-free sur-
vival, and distant metastasis-free survival in multiple malignancies
(7). CCNE1 upregulation has been associated with platinum-based
therapy resistance as shown in ovarian, endometrial, and bladder
cancers (8—11). There is a significant association between CCNE]
amplification and primary platinum-based treatment resistance in
ovarian cancer (10). Given that both platinum and !7’Lu-PSMA
are DNA damage-inducing therapies, the link between '"’Lu-
PSMA treatment and resistance seems particularly plausible. More
studies are needed to verify the validity of these findings.

FGFRI amplification is associated with upregulation of fibro-
blast growth factor receptor 1, which is responsible for the activa-
tion of multiple downstream oncogenic pathways, such as those
associated with MAPK, AKT, and STAT signaling (/2). Overexpres-
sion of fibroblast growth factor receptor 1 correlates with resistance
to letrozole and cyclin-dependent kinase inhibitors in breast cancer
(13,14). The utility of FGFRI amplification as a marker of thera-
peutic resistance in prostate cancer needs additional exploration.

CDK12 mutations are well known to have adverse effects on
prognosis in mCRPC (/5). In addition, CDKI2 mutations are
known to be deleterious for those prostate cancer patients treated
with a variety of agents, including hormonal therapies, taxane che-
motherapy, and poly(adenosine diphosphate ribose) polymerase
inhibitors (/6,17). Thus, perhaps it is not surprising that CDKI2
mutations are linked to '""Lu-PSMA resistance. Patients with
CDK 12 mutations do poorly after a wide variety of treatments, not
just 177Lu-PSMA.. Several serum clinical and laboratory variables
were predictive of no PSA decline in this small series. Higher alka-
line phosphatase and lactate dehydrogenase levels have been
adverse prognostic factors in multiple prostate cancer studies
(18,19). Liver metastatic disease is a well-known adverse prognos-
tic factor in advanced prostate cancer (2,18). Thus, despite being a
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small series, the fact that adverse prognostic findings previously
reported were independently detected here suggests that our series
has similarities to other larger datasets.

It is important to emphasize that our data are likely prognostic
and not predictive with regard to !”’Lu-PSMA-based therapies.
These data should not be used to make therapeutic choices at this
time. First and most importantly, these data should be regarded as
preliminary, and further validation is needed. Second with regard
to therapeutic choices for 7’Lu-PSMA versus other alternative
therapies for mCRPC is that, clearly, these data do not adequately
address clinical decision-making. Additional prospective trials
would be required to make conclusions regarding predictive versus
prognostic attributes of the biomarkers reported here.

There were several limitations to this study, including its small
sample size and the fact that it took place at a single institution in
which patients were treated with various PSMA agents. Although
PSA changes are a well-accepted response biomarker, the more
important and clinically relevant parameters related to radiographic
response, time to radiographic progression, and overall survival
were not assessed. Further, the sample size precluded multivariate
analyses, which are most appropriate to ascertain. Interactions
between PSMA PET parameters and ctDNA were not assessed.
Given the degree of genetic heterogeneity, it is difficult to draw
conclusions about many of the ctDNA abnormalities noted, and
much larger studies would be required to better understand the
prognostic and predictive importance of the individual genetic
mutations in these mCRPC patients. The lack of multiple-
hypothesis testing represents a limitation, and different statistical
methods could potentially lead to different conclusions.

We also note that the genetic landscape assessed by Guar-
dant360 assays is incomplete (20). This particular assay does not
assess all the prostate cancer—relevant genes and furthermore has
distinct limitations with regard to the detection of genetic dele-
tions. More depth to the ctDNA analyses, or tissue-based biopsies,
may yield distinct answers. Ideally, one would ascertain the impor-
tance of these findings in the context of multiple clinical and labo-
ratory variables and use much larger patient series.

Taken together, despite these limitations, the role of ctDNA as a
biomarker for response when using !7’Lu-PSMA-based therapies is
important to assess. Such analyses are important in the prognosis for
a variety of cancers and a variety of treatments. The alterations iden-
tified here seem plausible on the basis of outcomes in other cancers
and when using other therapies. Clearly, larger studies are justified
to better understand the relationships between PSMA-targeted radio-
ligand therapy and somatic genetics as assessed by ctDNA.

CONCLUSION

In this small series of mCRPC patients treated with '7"Lu-
PSMA therapy, baseline ctDNA distinctions were found between
those with and without PSA declines of 50% or more. These
ctDNA abnormalities included mutations in CDKI2 or amplifica-
tions in CCNE! and FGFRI. In addition, higher levels of lactate
dehydrogenase and alkaline phosphatase and the presence of liver
metastases were associated with a lower probability of PSA
response. Additional confirmatory studies are required before these
data can be used for personalized treatment decisions in the clinic.

DISCLOSURE

Oliver Sartor is a consultant to ArtBio, Point, Fusion, Telix,
Bayer, Novartis, Pfizer, Merck, ITM, Sanofi, Eisai, Lantheus, and

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 + November 2023



AstraZeneca and receives research support from Telix, Bayer,
Novartis, AstraZeneca, and Merck. Pedro Barata is a consultant or
on the speakers’ bureau for Astellas, AstraZeneca, Eisai, Exelixis,
Janssen, EMD Serono, Dendreon, Pfizer, Seattle Genetics, BMS,
Bayer, Guardant Health, Caris Life Sciences, and Sanofi and
receives research support from AstraZeneca, Merck, Caris, Essa,
Blue Earth, Merck, Exelixis, and Merus. No other potential conflict
of interest relevant to this article was reported.

KEY POINTS

QUESTION: What molecular factors are associated with
resistance to '"’Lu-PSMA therapy for patients with metastatic
castration-resistant prostate cancer?

PERTINENT FINDINGS: Using circulating tumor DNA, we have
determined that amplifications in CCNET and FGFR1 as well as
pathogenic mutations in CDK12 are associated with resistance to
177Lu-PSMA therapies.

IMPLICATIONS FOR PATIENT CARE: Determination of factors
associated with resistance to '"“Lu-PSMA may help clinicians
make better treatment decisions for patients with advanced
prostate cancer.
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The prostate-specific membrane antigen (PSMA) inhibitor [ Lu]Lu-
PSMA-617 has been previously demonstrated to be noninferior to
docetaxel in achieving a biochemical response in chemotherapy-naive
metastatic castration-resistant prostate cancer patients. Here, we report
the final analysis of overall survival (OS) for a phase 2 randomized, con-
trolled trial. Methods: Forty chemotherapy-naive, PSMA-positive
metastatic castration-resistant prostate cancer patients were ran-
domly assigned to ['"’Lu]Lu-PSMA-617 (n = 20) or docetaxel (n =
20). Thirty-five patients received treatment per the protocol. Survival
analysis was done using Kaplan-Meier curves and the Cox regres-
sion model. Results: The mean follow-up duration was 33.4 mo. In
intention-to-treat analysis, the median OS for the ['"”Lu]Lu-PSMA-617
and docetaxel arms was 15.0mo (95% Cl, 9.5-20.5mo) and 15.0mo
(95% Cl, 8.1-21.9 mo), respectively (P = 0.905). In per-protocol analy-
sis, the median OS was 19.0mo (95% Cl, 12.3-25.7 mo) versus
15.0mo (95% Cl, 8.1-21.9 mo), respectively (P = 0.712). No significant
difference in OS was observed between the 2 arms across the analyzed
subgroups. Conclusion: Long-term outcomes with ['77Lu]Lu-PSMA-
617 administered earlier in the prechemotherapy setting are compa-
rable to those with docetaxel.

Key Words: mCRPC; ['"7Lu]Lu-PSMA-617; docetaxel; overall sur-
vival; randomized, controlled trial
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Prostate cancer is the most common cancer in men, with a pro-
jected 288,300 new cases and 34,700 deaths in the United States
in 2023 (/). Despite androgen deprivation, around 10%—-20% of
prostate cancer patients progress to a more aggressive castration-
resistant state (2). Although a few drugs have been shown to
improve survival outcomes in metastatic castration-resistant pros-
tate cancer (mCRPC), it continues to remain a therapeutic challenge
(3,4). ["""Lu]Lu-PSMA-617 has recently emerged as a viable treat-
ment option for mCRPC (5). Subsequent to the landmark TheraP
and VISION trials, ['7’Lu]Lu-PSMA-617 has been recommended as
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a third-line treatment for mCRPC patients after progression with at
least one taxane and one androgen-receptor pathway inhibitor (6-8).
However, data on earlier lines vis-a-vis other treatment options
remain limited.

The use of [77Lu]Lu-PSMA-617 in the chemotherapy-naive
setting was evaluated previously in a randomized, phase 2 trial. In
this trial, we randomized chemotherapy-naive mCRPC patients
with highly prostate-specific membrane antigen (PSMA )-expressing
lesions to [!7’Lu]Lu-PSMA-617 or docetaxel. The trial demonstrated
the noninferiority of ['7’Lu]Lu-PSMA-617 versus docetaxel for the
primary endpoint of biochemical response rate in a per-protocol
analysis (60% vs. 40%, respectively, P = 0.250). Further, whereas
the progression-free survival was also similar between the 2 interven-
tions, ['7"Lu]Lu-PSMA-617 resulted in less frequent serious adverse
events than docetaxel (9). Here, we report the results of the final
overall survival (OS) analysis after a mean follow-up of about 3 y.

MATERIALS AND METHODS

This investigator-initiated, randomized, parallel-group, open-label,
phase 2 noninferiority trial was performed between December 2019
and March 2021. Chemotherapy-naive patients with mCRPC and high
PSMA expression were recruited. High PSMA expression was defined
as tracer avidity in which at least 80% of the lesions were significantly
(=1.5 times) more avid than normal liver on [*Ga]Ga-PSMA-11
PET/CT and none of the lesions had uptake less than that of the liver.
The full inclusion and exclusion criteria have been described previously
and briefly outlined in Supplemental Table 1 (supplemental materials are
available at http:/jnm.snmjournals.org) (9). Informed written consent
was obtained from the patients before inclusion. The study was approved
by the Institute Ethics Committee (INT/IEC/2019/001972) and followed
the Helsinki Declaration guidelines. The trial was prospectively regis-
tered at the Clinical Trials Registry—India (CTRI1/2019/12/022282).

Forty eligible patients were randomly assigned in a 1:1 ratio to
either ['7"Lu]Lu-PSMA-617 (6.0-7.4 GBg/cycle intravenously, up to
4 cycles, 8-12 wk apart) or docetaxel (75 mg/m?*/cycle intravenously,
up to 10 cycles, 3 wk apart). The primary endpoint of best prostate-
specific antigen response rate, and secondary endpoints comprising
best objective response rate, molecular response rate, progression-free
survival, toxicity, and quality-of-life outcomes, have been reported pre-
viously (9). The final endpoint, that is, OS, was planned to be analyzed
after 70% data maturity, that is, at least 28 events. OS was estimated
from the time of treatment initiation to death due to any cause.
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The primary analysis was by intention to treat and included all ran-
domized patients. A per-protocol sensitivity analysis was also done by
including only those patients who underwent at least half the allocated
treatment—that is, received at least 2 cycles of !”’Lu-PSMA-617 or at
least 5 cycles of docetaxel. Statistical analyses were done using IBM
SPSS Statistics (version 20.0 for Microsoft Windows) and Stata (ver-
sion 14.2). Categoric variables were expressed as numbers and percen-
tages, and the x° test was used for intergroup comparison. Survival
analysis was done using the Kaplan—-Meier curve method and the Cox
proportional-hazards model. The proportional-hazards assumption was
checked by the Schoenfeld residuals test. Mean follow-up was calcu-
lated using the reverse Kaplan—-Meier method. The log-rank test was
used to compare the median OS between groups. A 2-tailed P value of
less than 0.05 was considered statistically significant.

RESULTS

Between December 2019 and March 2021, 40 chemotherapy-
naive mCRPC patients underwent randomization. Twenty patients
each were assigned to the [!”’Lu]Lu-PSMA-617 and docetaxel
arms, with similar characteristics at baseline (Supplemental Table
2). Of these, 35 patients received treatment per the protocol: 15 of
20 patients in the ['77Lu]Lu-PSMA-617 arm and 20 of 20 patients
in the docetaxel arm (Supplemental Fig. 1). Five patients in the
['77Lu]Lu-PSMA-617 arm could not complete 2 cycles—because
of disease progression in 2 patients, disease-related death in 2 patients,
and treatment-related severe myelosuppression in 1 patient.

As of May 31, 2023, the patients had a mean follow-up of
33.4mo (95% CI, 28.0-38.9 mo). Further posttrial treatments were
received by 9 of 20 (45%) patients in the ['7’Lu]Lu-PSMA-617
arm, compared with 12 of 20 (60%) patients in the docetaxel arm
(P = 0.342) (Table 1). Notably, 30% of the patients in the ['7"Lu]
Lu-PSMA-617 arm could switch over to docetaxel, in contrast to
5% of the patients in the docetaxel arm who could receive [}7"Lu]
Lu-PSMA-617 subsequently (P = 0.038).

Twenty-nine of the 40 (72.5%) patients died in the course of
follow-up. Two patients each in the ['”’Lu]Lu-PSMA-617 and doce-
taxel arms were alive at the last cutoff date; however, 7 patients (3 in
the ['7’Lu]Lu-PSMA-617 arm and 4 in the docetaxel arm) were lost
to follow-up. The proportional-hazards assumption was met with a
nonsignificant Schoenfeld residuals test (P = 0.638). In intention-
to-treat analysis, the median OS for the [!7’Lu]Lu-PSMA-617 and
docetaxel arms was 15.0mo (95% CI, 9.5-20.5mo) and 15.0 mo

TABLE 1
Posttrial Treatments

['""Lu]Lu-PSMA-617  Docetaxel

Treatment option arm* (n = 20) arm (n = 20)
Docetaxel 6 (30) 0 (0)
Abiraterone 1) 3 (15)
Enzalutamide 5 (25) 9 (45)
Rucaparib 1) 0 (0)
Carboplatin 1(5) 0 (0)
['""Lu]Lu-PSMA-617 0 (0) 1)
[?*®Ac]Ac-PSMA-617 1) 0 (0)

*Few patients received more than one subsequent treatment.
Data are number followed by percentage in parentheses.

TLu-PSMA-617 Versus DoceTaXeL N MCRPC  +

(95% CI, 8.1-21.9mo), respectively (P = 0.905) (Fig. 1). In the
per-protocol analysis, the median OS for the ['”’Lu]Lu-PSMA-617
arm was 19.0mo (95% CI, 12.3-25.7mo), versus 15.0mo (95%
CIL, 8.1-21.9mo) for the docetaxel arm (P = 0.712) (Fig. 2). No
significant difference in OS was observed between the 2 arms across
the analyzed subgroups (Table 2).

DISCUSSION

['7’Lu]Lu-PSMA-617 has been previously shown to improve
survival outcomes in the postchemotherapy mCRPC setting (6, 7).
To the best of our knowledge, this is one of the first trials evaluat-
ing ['"’Lu]Lu-PSMA-617 in the chemotherapy-naive space. An
important highlight of this study was the use of docetaxel as an
active comparator. This is in contrast to other upcoming trials with
['77Lu]Lu-PSMA radioligand therapy in the prechemotherapy set-
ting (but after one line of androgen-receptor pathway inhibitor)
wherein control group patients are switched over to another drug
of the same class (PSMAfore and SPLASH). The fact that a
second-line androgen-receptor pathway inhibitor often has limited
activity (especially in the presence of a first-line novel androgen-
receptor inhibitor such as enzalutamide) was the reason why we
compared [!7’Lu]Lu-PSMA-617 and docetaxel in a noninferiority
design in our trial (/0). We have demonstrated earlier that
['77Lu]Lu-PSMA-617 is not inferior to docetaxel in terms of the
short-term outcome, that is, biochemical response rate (9). The
current results indicate that even the long-term outcome with
['"Lu]Lu-PSMA-617 administered earlier in the prechemotherapy
setting is comparable to that with docetaxel.

The toxicity profiles of both arms in this trial have been exten-
sively reported. Briefly, adverse events of grade 3 or higher occurred
less frequently with ['7’Lu]Lu-PSMA-617 (30%) than with docetaxel
(50%). This finding was also accompanied by an improvement in the
quality of life of the patients receiving ['”’Lu]Lu-PSMA-617 (9).
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FIGURE 1. Kaplan-Meier curves for OS in intention-to-treat analysis.
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FIGURE 2. Kaplan—-Meier curves for OS in per-protocol analysis.

Further, whereas a similar number of patients received subsequent
therapies in both arms, the better safety with ['7’Lu]Lu-PSMA-
617 allowed a higher proportion of patients to cross over to doce-
taxel. In contrast, only one patient in the docetaxel arm could
receive ['7’Lu]Lu-PSMA-617 subsequently. These results indi-
cate that contrary to the previous perception, early institution of

['"7Lu]Lu-PSMA-617 does not significantly impair the ability to
tolerate future treatments. Given its comparable efficacy over the
short term as well as the long term, administration of ['7’Lu]Lu-
PSMA-617 in the prechemotherapy setting therefore has the added
advantages of less frequent treatment cycles, less toxicity, and pres-
ervation of patients’ quality of life.

In the current trial, we observed a median OS of 15mo in both
the ['7’Lu]Lu-PSMA-617 arm and the docetaxel arm. However, this
OS was similar to that reported with the [!”’Lu]Lu-PSMA-617 arm
in the phase 3 VISION trial in the postchemotherapy setting (7).
Given that our trial was conducted in the prechemotherapy space,
a longer OS was expected. A few factors could have adversely
impacted our results: a higher percentage of patients with extensive
skeletal metastases, more frequent prior treatments with both abira-
terone and enzalutamide in the [!”’Lu]Lu-PSMA-617 arm, a higher
percentage of patients with extrapulmonary visceral metastases, lack
of a baseline 2-['®F]JFDG PET/CT scan to exclude patients with dis-
cordant PSMA-negative/2-['*F]JFDG-positive lesions, and a treatment
delay due to the coronavirus disease 2019 pandemic (9). Despite these
factors, the comparability of the outcomes with ['7’Lu]Lu-PSMA-617
and docetaxel adds value to our study.

The OS results with [1”’Lu]Lu-PSMA-617 in our chemotherapy-
naive patients need to be seen further in the context of our other
patients who were previously treated with chemotherapy. In a sepa-
rate analysis comprising such heavily pretreated patients, we
observed a median OS of 9.0mo (/7). The longer median OS in
our chemotherapy-naive patients therefore roughly translates to a
hazard ratio of 0.60, that is, a 40% reduction in the risk of death.
This is in agreement with the findings of a recent metaanalysis
comparing [!”’Lu]Lu-PSMA radioligand therapy efficacy outcomes
in chemotherapy-naive versus chemotherapy-treated patients. In
this pooled analysis comprising more than 2,000 patients, taxane-
naive patients had a 1.8 times improved odds of a biochemical
response, a 40% reduced risk of progression, and a 46% reduced

TABLE 2
Subgroup Regression Analyses for OS in ['77Lu]Lu-PSMA-617 Versus Docetaxel Arms

Variable HR 95% ClI P
Age

<70y (n = 24) 0.99 0.39-2.52 0.976

=70y (n = 16) 1.09 0.33-3.64 0.882
Gleason score

<8 (n = 14) 1.77 0.47-6.61 0.397

=8 (n = 26) 0.70 0.28-1.78 0.454
Prior androgen-receptor pathway inhibitor

No (n = 14) 0.37 0.09-1.48 0.159

Yes (n = 26) 1.94 0.75-4.99 0.172
Extent of skeletal disease

<10 lesions (n = 8) 2.54 0.35-18.45 0.357

=10 lesions (n = 32) 0.77 0.33-1.78 0.540
Visceral metastasis

No (n = 31) 0.86 0.36-2.08 0.744

Yes (n = 9) 2.47 0.57-10.69 0.226

HR = hazard ratio.

1728

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 + November 2023



risk of death after [!7’Lu]Lu-PSMA radioligand therapy compared
with their taxane-treated counterparts (12).

The current analysis has one key limitation. The study sample
size was based on the primary endpoint of prostate-specific antigen
response rate and was not adequately powered for other analyses.
Nevertheless, this remains one of the first trials reporting final sur-
vival outcomes with ['7’Lu]Lu-PSMA-617 in the chemotherapy-
naive setting. The use of an active comparator agent, a prolonged
follow-up, and mature data for OS constitute major strengths of
this study.

CONCLUSION

On the basis of the results of this phase 2 study, long-term out-
comes with [!7’Lu]Lu-PSMA-617 administered earlier in the pre-
chemotherapy setting are comparable to those with docetaxel.
Further trials powered for survival analyses are required to vali-
date our observations.

KEY POINTS

QUESTION: How does ['"’Lu]Lu-PSMA-617 impact OS vis-a-vis
docetaxel in chemotherapy-naive mCRPC patients?

PERTINENT FINDINGS: This randomized, controlled phase 2
trial assigned 40 chemotherapy-naive, PSMA-positive mCRPC
patients in a 1:1 ratio to ['7”Lu]Lu-PSMA-617 or docetaxel.
Over a mean follow-up of 33.4 mo, the median OS for the
['""Lu]Lu-PSMA-617 and docetaxel arms was 15.0 mo

(95% Cl, 9.5-20.5 mo) and 15.0 mo (95% Cl, 8.1-21.9 mo),
respectively (P = 0.905). No significant difference in OS

was observed between the 2 arms across the analyzed
subgroups.

IMPLICATIONS FOR PATIENT CARE: Showing long-term
outcomes comparable to those of docetaxel in the
chemotherapy-naive mCRPC setting, ['””Lu]Lu-PSMA-617 can
be a potential alternative earlier in the disease course.

TLu-PSMA-617 Versus DoceTaXeL N MCRPC  +
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Antihormonal-Treatment Status Affects *Ga-PSMA-HBED-CC
PET Biodistribution in Patients with Prostate Cancer
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Androgen deprivation therapy (ADT) is known to influence the
prostate-specific membrane antigen (PSMA) expression of prostate
cancer, potentially complicating the interpretation of PSMA ligand
PET findings and affecting PSMA radioligand therapy. However, the
impact of ADT on PSMA ligand biodistribution in nontumorous organs
is not well understood. Methods: Men (n = 112) with histologically
proven prostate cancer who underwent ®®Ga-PSMA-HBED-CC
(®Ga-PSMA-11) PET/CT between November 2015 and July 2021 at
the Medical University Vienna with known ADT status were retrospec-
tively recruited. Fifty-six patients were on gonadotropin-releasing hor-
mone-interfering ADT at the time of imaging (ADT group), whereas
56 patients with no history of ADT served as a control group. Physio-
logically PSMA-expressing organs (salivary glands, kidneys, liver, and
spleen) were delineated, and their uptake was compared according to
their data distributions. Multivariate regression analysis assessed
the relationship between renal, hepatic, splenic, and salivary gland
uptake and the explanatory variables metabolic tumor volume, glo-
merular filtration rate, and ADT status. Results: ADT was associated
with lower levels of PSMA uptake in the kidneys (SUVpean: A[ADT —
control] = —7.89; 95% Cl, —10.73 to —5.04; P < 0.001), liver
(SUVpear: A[ADT — control] = —2.3; 95% Cl, —5.72 to —0.93; P =
0.003), spleen (SUVpeax: A[ADT — control] = —1.27; 95% CI, —3.61 to
—0.16; P = 0.033), and salivary glands (SUV nean: A[ADT — control] =
—1.04;95% Cl, —2.48 to —0.13; P = 0.027). In a multivariate analysis,
ADT was found to be associated with lower renal (SUViean: B =
—7.95;95% ClI, —11.06 to —4.84; P < 0.0001), hepatic (SUVgeax: B =
—7.85; 95% CI, —11.78 to —3.91; P < 0.0001), splenic (SUVpeax:
B = —5.83; 95% Cl, —9.95 to —1.7; P = 0.006), and salivary gland
(SUVmean: B = —1.47;95% CI, —2.76 to —0.17; P = 0.027) uptake. A
higher glomerular filtration rate was associated with a higher renal
SUVnean (B = 0.16; 95% CI, 0.05 to 0.26; P = 0.0034). Conclusion:
These findings suggest that ADT systemically modulates PSMA
expression, which may have implications for treatment-optimizing and
side-effect-minimizing strategies for PSMA radioligand therapies, par-
ticularly those using more potent 22°Ac-labeled PSMA conjugates.

Key Words: androgen deprivation therapy; prostate cancer; biodistri-
bution; PSMA PET
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Molecular imaging and targeted radioligand therapy (RLT)
with prostate-specific membrane antigen (PSMA) ligands have
been major diagnostic and therapeutic advances in the manage-
ment of men with prostate cancer (PCA).

In various preclinical and clinical studies (7), the expression of
PSMA, a type II membrane glycoprotein found on most PCA cells
(2) and physiologically on various organs (3), has been shown to
be modulated by androgen signaling.

Although the exact underlying mechanism remains to be fully elu-
cidated, early work hypothesized that the PSMA enhancer (4-6),
1 of 2 crucial regulatory elements of the PSMA gene FOLH! (7), is,
inter alia, inversely and indirectly regulated through sequestration of
PSMA enhancer regulating transcription factors (i.e., SOX, SOX7,
SRY) by activated and nuclear-translocated androgen receptors (4).

Since then, various preclinical and clinical studies (/) have
investigated the effects of androgen deprivation therapy (ADT), a
long-established therapeutic cornerstone of PCA management, on
PSMA expression of tumorous lesions in an effort to unfold
androgen-induced clinical caveats of diagnostic and therapeutic
PSMA radioligand use.

Although these studies yielded partly heterogeneous (8) and
conflicting results (9), there is a growing body of evidence sug-
gesting a time-dependent early upregulation (/0,11) followed by a
decrease in PSMA expression of PCA cells after long-term ADT
exposure (12,13).

Although previous studies focused on ADT influences on tumoral
tissue or short-term impact on physiologic PSMA-expressing organs
(14), literature on physiologic organ uptake after sustained ADT
exposure, a commonly encountered clinical scenario in advanced dis-
ease before RLT, is currently lacking.

Yet, understanding the influences of ADT on PSMA uptake in
nontumorous organs such as the salivary glands and kidneys might
have important implications for PSMA RLT, since common side
effects such as xerostomia, as well as dose-limiting renal radio-
toxicity (/5), are functions of the PSMA ligand biodistribution.
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The present study is meant to address this gap in knowledge.

We hypothesized that the PSMA expression of healthy organs
would differ in men with PCA depending on their hormonal treat-
ment status.

The objective of this study was to retrospectively compare the
%8Ga-PSMA-HBED-CC (°®Ga-PSMA-11) PET uptake of the sali-
vary glands, kidneys, liver, and spleen between patients on ADT
and patients without any history of ADT.

MATERIALS AND METHODS

Study Design and Cohort Selection

The data of men with histologically proven PCA who underwent
%8Ga-PSMA-11 imaging between November 2015 and July 2021 were
screened retrospectively.

Patients with conclusive ADT history data were considered for
inclusion. Patients on gonadotropin-releasing hormone analogs or
antagonists (/6) during imaging for at least 1 mo or with no history of
any ADT were included.

Men on androgen-receptor, Sa-reductase, or CYP17A1 inhibitors
were excluded to minimize confounding by heterogeneous treatment
regimens.

Scans with metabolic tumor volumes (MTVs) greater than 25 cm®
were excluded to avoid an influence on *®Ga-PSMA-11 biodistribution
by the tumor sink effect (/7).

All scans were performed after written informed consent was
obtained for application of the nonapproved imaging compound *Ga-
PSMA-11, and the need for written informed consent for retrospective
data collection and analysis was waived (ethics committee identifica-
tion number 1745/2021).

The primary endpoint of this study was the SUV eqn and SUVi,eq¢
of organs with physiologic PSMA expression, namely the submandib-
ular glands, kidneys, liver, and spleen. The secondary endpoints were
the SUV ean 0f organs according to midterm (1-6 mo) and long-term
(>6 mo) ADT exposure when the primary endpoint was met.

Imaging Protocol

All scans were obtained on a Biograph TruePoint PET/CT scanner
(Siemens Healthineers). The patients were intravenously injected with
a mean of 182.6 MBq (=18.7 [SD]) of ®®Ga-PSMA-11. Sixty minutes
after injection, static, whole-body scans were obtained from the skull
base to the upper femur. First, CT scans were acquired at 120 kV and
230 mAs with intravenous contrast medium (CT matrix size, 512 X
512) unless contraindications for contrast application existed. After-
ward, PET scans were acquired at 3—4 bed positions, reconstructed
iteratively using a point-spread-function—based algorithm, and subse-
quently corrected for scatter and attenuation on the basis of the CT
scan (PET matrix size, 168 X 168).

Image Analysis

Physiologically PSMA-expressing organs were assessed, namely
the submandibular glands, kidneys, liver, and spleen. The submandib-
ular glands were chosen as a surrogate for overall salivary gland
PSMA uptake since they were fully included in most fields of view
(except in 2 scans). The organs were delineated in a 2-step process.
First, the deep-learning—based Multi-Organ Objective Segmentation
framework (/8) was used to obtain CT-defined organ delineations of
the liver, spleen, and kidneys. Next, the framework-derived segmenta-
tions were reviewed and, if necessary, adjusted manually to the PET
component using Slicer3D software (version 4.11) (/9) by a nuclear
medicine physician. The submandibular glands were delineated on the
PET component using the semiautomated Slicer3D extension PETTu-
morSegmentation (20). Two nuclear medicine physicians delineated
tumor lesions manually on a dedicated workstation using Hybrid 3D

ANTIHORMONAL TREATMENT AND ®8GA-PSMA-11 -

software (version 4.17, Hermes Medical Solutions). SUV ..., and
SUVpeak not corrected for lean body mass and MTV were extracted
from the regions of interest.

Statistical Analysis

Numeric variables were expressed as mean (*£SD), and discrete
outcomes were expressed as absolute (#) and relative (%) frequencies.
The group comparability of the control and ADT groups was assessed
by comparing baseline demographic data. The normality and hetero-
skedasticity of continuous data were assessed with the Shapiro-Wilk
and Levene tests, respectively. Continuous outcomes were compared
using the unpaired Student ¢ test, Welch ¢ test, and Mann—Whitney
U test according to the data distribution. Discrete outcomes were com-
pared using the x> or Fisher exact test accordingly. All tests were
2-tailed.

Statistical tests for differences in visceral organ metastasis PSMA
uptake could not be computed because of the sample size (n = 1 in
the ADT group).

Differences between renal, hepatic, splenic, and salivary gland
uptake were assessed according to prior cytotoxic treatments with che-
motherapy or !”’Lu-PSMA RLTs.

Additionally, differences between renal, hepatic, splenic, and salivary
gland PSMA uptake were assessed according to midterm (1-6 mo)
and long-term (>6 mo) ADT runtimes with ANOVA and the Kruskal—
Wallis test according to the data distribution. If the null hypothesis of the
ANOVA and the Kruskal-Wallis test was rejected, post hoc pairwise
analyses were performed with the Tukey honestly significant difference
test and the Dunn—Bonferroni test, respectively.

Multivariate Regression Analysis

Multivariate regression analysis was performed to assess the rela-
tionship between renal and salivary gland SUV ..., as well as the
relationship of hepatic and splenic SUV ..y with the following explan-
atory variables: MTV, glomerular filtration rate, and ADT status. Data
were checked for multicollinearity with the Belsley—-Kuh—Welsch
technique. The heteroskedasticity and normality of residuals were
assessed by, respectively, the Breusch—Pagan test and the Shapiro-Wilk
test. The a-risk was set for all statistical analyses to 5% (a = 0.05).

PCA patients screened
(N = 665)

Excluded
Inconclusive ADT exposure
MTV > 25 cm?

AR-, 50-, CYP17A inhibitor
Unknown drug class or runtime

y
‘ Total included ’

(N=112)

1st generation ADT
(N =56)

Control
(N = 56)

! : : !

Salivary gland Kidney Spleen Liver
uptake uptake uptake uptake
FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) dia-

gram. AR = androgen receptor; 5a- = 5a-reductase.
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Statistical analysis was performed with EasyMedStat software (version
3.24; EasyMedStat).

RESULTS

Clinical Cohort

Of 665 screened men with PCA and available PSMA PET/CT,
112 (17%) with a conclusive ADT treatment history at the time of
imaging were entered into this study according to the inclusion cri-
teria (Fig. 1). The demographic and clinical characteristics are
summarized in Table 1.

Organ PSMA Uptake Measurements
Differences in organ uptake between the ADT and control
groups are summarized in Table 2.

There was a significantly lower mean renal SUV ., (A[ADT
— control] = —7.89; 95% CI, —10.73 to —5.04; P < 0.001) and
SUVpeak (A[ADT — control] = —14.12; 95% CI, —19.85 to
—8.39; P < 0.001) in the ADT group than in the control group.
Similarly, median hepatic SUV e (A[ADT — control] = —2.3;
95% CI, —5.72 to —0.93; P = 0.003), median splenic SUV ,cax
(A[ADT - control] = —1.27; 95% CI, —3.61 to —0.16; P =
0.033), and median salivary gland SUV ,c.n (A[ADT — control] =
—1.04; 95% CI, —2.48 to —0.13; P = 0.027) and mean SUV ,¢a¢
(A[ADT — control] = —3.31; 95% CI, —5.3 to —1.31; P =
0.001) were significantly lower in the ADT group (Fig. 2).

Secondary Endpoint Analysis According to ADT
Runtime Length

The mean renal SUV .., was 29.5 (SD, 7.2), 21.6 (SD, 8.37),
and 21.61 (SD, 7.61) for the control group, patients on 1-6 mo of

TABLE 1
Demographic and Clinical Patient Data

Variable Control (n = 56) ADT (n = 56) P
Age (y) 69.6 (+7.2) 70.4 (=8.0) 0.58
Weight (kg) 86.2 (=12.6) 83.4 (=13.6) 0.31
Tracer dose (MBQ) 181.8 (=18.1) 183.4 (£19.4) 0.59
PSA (ng/dL)* 13.0 (=46.1) 1(x12.6) 0.06
GFR (mL/min)* 78.4 (£15.5) 81.0 (=14.2) 0.39
MTV (cm?) 3.3 (+5.3) 0 (+6.2) 0.20
PSMA-positive lesions

Prostate 21 (37.5%) 1(37.5%) >0.99

Lymph nodes 19 (33.9%) 4 (25.0%) 0.41

Bone 8 (14.3%) 8 (32.1%) 0.04

Viscera (lung) 2 (3.6%) 1(1.8%) >0.99
Mean lesional SUV ean

Prostate 13.1 (x11.4) 10.8 (+8.4) 0.43

Lymph nodes 7.5 (x4.3) 10.39 (£6.3) 0.13

Bone 4.9 (x2.2) 9.4 (£12.5) 0.84

Viscera (lung) 4.79 (4.0-5.6) 7.7 —+
Mean ADT runtime (m) - 24.0+34.9
Runtimes binned (m)

1-6 — 5 (26.8%)

>6
ADT drug class
GnRH analog
Leuprorelin
Triptorelin
GnRH antagonist
Degarelix

Previous cytotoxic treatments

CHT
177 u-PSMA

*Missing data for control (n = 8) and ADT group (n = 4).
TMissing data for control (n = 9) and ADT group (n = 8).
*Statistical testing not feasible because of sample size in control group (n = 2; data as mean and range) and ADT group (1 = 1).
PSA = prostate-specific antigen; GFR = glomerular filtration rate; GnRH = gonadotropin-releasing hormone; CHT = chemotherapy.

Qualitative data are number and percentages; continuous data are mean and SD.

41 (73.2%)

38 (67.9%)
2 (3.6%)

28.6%)
35.7%)
33.9%)
5.3%)

16
20
19

3

(
(
(
(
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TABLE 2

PSMA Uptake Levels of Normal Organs According to Antihormonal Treatment Status

Variable Control (n = 56) ADT (n = 56) Difference P
Kidney SUVimean™" 29.5+7.2; 21.61 £8.1; Ayes — no = —7.89; <0.001
95% Cl, 27.57-31.42; 95% ClI, 19.44-23.78; 95% CI, —10.73 to —5.04
range, 16.59-52.12 range, 5.18-37.36
Kidney SUVpeak* 54.76 = 14.29; 40.64 = 16.49; Ayes — no = —14.12; <0.001
95% Cl, 50.94-58.59; 95% Cl, 36.23-45.06; 95% Cl, —19.85 to —8.39
range, 26.65-93.75 range, 6.82-77.99
Liver SUVmeant 4.8 +1.31; 4.44 = 1.65; AADT — control = —0.14; 0.12
95% Cl, 4.45-5.15; 95% Cl, 3.99-4.88; 95% Cl, —0.86 to 0.10
range, 2.15-8.63 range, 0.92-10.39
Liver SUVpeak:c 18.06 = 14.75; 11.18 = 8.97; AADT — control = —2.3; 0.003
95% Cl, 14.11-22.01; 95% Cl, 8.78-13.58; 95% Cl, —5.72 to —0.93
range, 3.81-55.8 range, 1.19-37.64
Spleen SUVmean® 6.08 +2.04; 5.86 +2.42; Ayes — no = —0.49; 0.46
95% Cl, 5.53-6.62; 95% ClI, 5.21-6.51; 95% CI, —1.5 to 0.99
range, 2.55-11.59 range, 0.782-14.56
Spleen SUVpeaki 14.76 = 11.15; 11.56 = 9.61; AADT — control = —1.27; 0.033
95% Cl, 11.78-17.75; 95% Cl, 8.99-14.13; 95% Cl, —3.61 to —0.16
range, 4.81-53.79 range, 1.14-52.34
Salivary gland SUVpmean™>  11.34 +2.69; 9.93 +3.17; AADT — control = —1.04; 0.027
95% Cl, 10.62-12.06; 95% Cl, 9.07-10.8; 95% Cl, —2.48 to —0.13
range, 4.41-17.05 range, 1.18-18.02
20.0 +£5.02; 16.69 = 5.61; AADT — control = —3.31; 0.001

Salivary gland SUVeq*

95% Cl, 18.65-21.34;
range, 7.53-34.76

95% Cl, 15.16-18.22;
range, 1.7-30.42

95% Cl, —5.3 to —1.31

“t test data as mean + SD.
TTwo patients underwent unilateral nephrectomy.
*Mann-Whitney test data as median and IQR.

STwo scans (2/56, 4%) did not include salivary glands in field of view.

ADT, and patients on more than 6 mo of ADT, respectively (P <
0.001). Post hoc pairwise analysis revealed significant differences
between the control group and the 1- to 6-mo ADT group (mean
difference: 95% CI, —13.2 to —2.56; P = 0.002) and between the
control group and the group receiving more than 6 mo of ADT
(95% CI, —11.65 to —4.13; P < 0.001). No significant difference
between the 2 ADT groups was observed (95% CI, —5.51 to 5.53;
P > 0.999).

The median hepatic SUV ¢, was 9.9 (interquartile range [IQR],
19.43), 6.64 (IQR, 8.74), and 7.61 (IQR, 5.17) in the control
group, the group receiving 1-6 mo of ADT, and the group receiv-
ing more than 6 mo of ADT, respectively (P = 0.012). After post
hoc adjustment, only the difference between the control group and
the group receiving more than 6 mo of ADT remained significant
(95% CI, —13.46 to —1.07; P = 0.006).

The mean salivary gland SUV ., was 11.34 (SD, 2.69), 10.2

(SD, 3.8), and 9.83 (SD, 2.94) for the con-

trol group, the group receiving 1-6 mo of

FIGURE 2. Violin plots of significantly different exemplary PSMA uptake levels of normal organs
according to ADT treatment status. White dots indicate median value. No = control; Yes = ADT.
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(ﬁEE‘%&Lt e - i o e o ADT, and the group receiving more than
80+ 6mo of ADT, respectively (P = 0.043).
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150 | | ferences between the control group and
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systemic therapies, namely taxane-based
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PSMA-expressing organs such as the salivary
glands, kidneys, liver, and spleen has been
assessed only in a short-term setting (/4).
) This report therefore advances our under-
151 i standing of the physiologic PSMA biodistri-
bution in patients on sustained ADT and
corroborates earlier findings (/4) that hor-
monal changes exert a systemic influence
on PSMA expression also in nontumorous
tissues, holding possible implications for
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FIGURE 3. Violin plots of PSMA uptake levels of normal organs in ADT group according to different
ADT runtimes and control group. Only significant values after post hoc testing are displayed as bars on
figures. Nonsignificant P values are displayed in figure heading. White dots indicate median values.

chemotherapies, !"’Lu-PSMA-617, or I&T RLT (24.93 [SD, 6.82],
10.02 [SD, 2.01], 7.8 [IQR, 6.16], and 8.54 [IQR, 2.96], respectively)
and patients who did not receive prior additional systemic therapies
(25.69 [SD, 8.97], 10.79 [SD, 3.18], 8.82 [IQR, 17.47], and 9.72
[IQR, 6.36], respectively) (Fig. 4).

Multivariate Analysis of PSMA Organ Uptake

In the multivariate analysis, ADT was identified as an independent
predictor of lower renal SUV ean (B = —7.95; 95% CI, —11.06 to
—4.84; P < 0.0001), hepatic SUVpee (B = —7.85; 95% CI,
—11.78 to —3.91; P < 0.0001), splenic SUVpea (B = —5.83; 95%
CL, —9.95 to —1.7; P = 0.0062), and salivary glandular SUV,can
(B = —147;95% CI, —2.76 to —0.17; P = 0.0274). In addition, a
high glomerular filtration rate was predictive only of a high renal
SUVinean (B = 0.16; 95% CI, 0.05 to 0.26; P = 0.0034) (Table 3).

DISCUSSION

This study presents the first evidence that PCA patients on sus-
tained ADT exhibit significantly lower °®Ga-PSMA-11 uptake in
the salivary glands, liver, spleen, and kidneys than do hormonal
therapy-naive patients.

Although it is widely appreciated that ADT influences the PSMA
expression of cancerous lesions, most likely in a time-dependent
dichotomous manner (/), the effect of ADT on physiologically

term (pretreatment till a maximum of 8 wk
after initiation) time-course effect of
gonadotropin-releasing hormone—-modulat-
ing ADT on the *8Ga-PSMA-11 SUV,,,
of cancer lesions and physiologic PSMA-
avid organs (salivary glands, kidneys, liver, and spleen) in newly
diagnosed men with high-risk PCA (n = 9) and observed hetero-
geneous and time-dependent uptake changes in tumorous and non-
tumorous tissues alike. Although they observed an initial
heterogeneous uptake increase in all physiologically PSMA-avid
organs, which peaked at around week 4, most patients who contin-
ued imaging beyond 1mo started exhibiting stabilizing or falling
PSMA organ uptake trajectories, which were most pronounced in
the salivary glands and kidneys.

Analogously, several authors (/2,21) have reported decreasing
PSMA expression in tumorous lesions after long-term exposure to
different classes of ADT. Although Vallabhajosula et al. (27)
observed an initial increase in PSMA-expressing PCA lesions after
2 wk of abiraterone or enzalutamide (n = 4), followed by a
decrease in uptake after 3 mo, Afshar-Oromieh et al. (/2) reported
decreased PSMA uptake in roughly two thirds of PCA lesions
after sustained gonadotropin-releasing hormone antagonist or ana-
log exposure (median ADT runtime, ~7mo) in a retrospective,
longitudinal cohort of 10 patients.

In summary with the abovementioned studies (/2,14,21), the
found association between midterm or, predominantly, long-term
ADT and significantly lower PSMA uptake in the submandibular
glands, liver, spleen, and kidneys (Fig. 3) suggests that not just
tumorous but also nontumorous tissues might be subject to
androgen-induced, time-dependent, dichotomous PSMA expression
changes in early upregulation and late

Student's T Mann-Whitney test Mann-Whitney test
{unpaired) lest P=0082 P=0103
P=0077 B0 7
a0 40
504
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FIGURE 4. Violin plots of PSMA uptake levels according to prior cytotoxic treatments ('’ Lu-PSMA
RLT or chemotherapy) in normal organs. White dots indicate median value. Yes = prior systemic

therapies; No = no prior systemic therapy.
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downregulation (/).

Surprisingly, we did not observe any
PSMA uptake level differences of cancerous
lesions between patients on ADT and those
without a history of ADT, as repeatedly
reported in the literature (/0-12). We
hypothesize that this might be due to the
cross-sectional study design incorporating
patients at different stages. Although patients
on ADT have more advanced disease (22),
as signified by a higher number of osseous
bone lesions on imaging, the reported effects
of hormonal therapy on cancer lesions could
be blurred by ADT-induced PSMA downre-
gulation of yet more advanced lesions in our
cohort.

Since PSMA biodistribution in itself is
a complex function of uptake, retention,
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TABLE 3
Multivariate Regression Analysis of Relationship Between Renal, Hepatic, Splenic, and Salivary Gland PSMA Uptake
and Explanatory Variables MTV, Glomerular Filtration Rate, and ADT Status

Predicted endpoint Variable Odds ratio P
Kidney SUV hean
Intercept 17.78; 9.28 to 26.27 <0.0001
MTV (cm?®) —0.218; —0.495 to 0.0585 0.121
GFR (mL/min) 0.156; 0.0531 to 0.259 0.0034
ADT (0 = no, 1 = yes) —7.95; —11.06 to —4.84 <0.0001
Liver SUVpeak
Intercept 10.94; —1.06 to 22.94 0.0735
MTV (cm®) 0.0389; —0.301 to 0.379 0.821
GFR (mL/min) 0.09; —0.0606 to 0.241 0.238
ADT (0 = no, 1 = yes) —7.85; —11.78 to —3.91 <0.0001
Spleen SUVpeak
Intercept 6.36; —5.73 to 18.45 0.299
MTV (cm®) 0.295; —0.114 to 0.704 0.156
GFR (mL/min) 0.104; —0.0615 to 0.27 0.214
ADT (0 = no, 1 = yes) —5.83; —9.95to —1.7 0.006
SM SUVnean
Intercept 12.2; 8.67 to 15.73 <0.0001
MTV (cm?) —0.0679; —0.183 to 0.0472 0.244
GFR (mL/min) —0.00771; —0.0506 to 0.0352 0.722
ADT (0 = no, 1 = yes) —1.47; —2.76 to —0.167 0.0274

GFR = glomerular filtration rate; SM = Submandibular gland.
Odds ratio is followed by 95% CI.

and excretion (/7,23) in tumorous and nontumorous tissues, a
multivariate regression analysis was performed to exclude the con-
founding effects of renal function and tumor tissue.

The MTV was not associated with salivary gland, hepatic, splenic,
or renal uptake in the ADT group, most likely since the potential
influence of the tumor sink effect (/7), a sequestration phenomenon
that occurs when extensive tumor masses reduce tracer accumulation
in healthy tissues, was excluded by design (Fig. 1).

Interestingly, renal function was positively associated with renal
PSMA uptake levels. We hypothesize that although there is a phys-
iologic renal baseline PSMA expression, primarily in the proximal
tubular cells (3), increased PSMA excretion in the case of higher
glomerular filtration led to higher overall renal radioligand signal
caused by count summation during static image acquisition.

Since sustained ADT is a commonly encountered clinical sce-
nario in patients with advanced disease, a deeper understanding of
the hormonal influences on PSMA biodistribution might have
important implications for PSMA RLTs because common side
effects, such as xerostomia and dose-limiting renal radiotoxicity
(15), are functions of PSMA ligand biodistribution.

Even though dosimetric estimates of absorbed organ doses are
the gold standard, *®Ga-PSMA-11 PET has been shown to provide
robust estimates of therapeutic PSMA ligand biodistributions
(24,25) in that regard.

Our study had several limitations, and the findings should there-
fore be interpreted with caution.

ANTIHORMONAL TREATMENT AND ®8GA-PSMA-11 -

First, as a retrospective, cross-sectional, and monocentric study, it
was prone to selection bias, recall bias, inaccuracies in record keeping,
and incomplete data, which could negatively affect the generalizabil-
ity of the findings. We tried to minimize this potential bias by focus-
ing on a narrow definition of ADT treatment and including only
patients with complete hormonal treatment data, as well as by ensur-
ing balanced groups according to possible confounders such as renal
function, MTV (17), and previous systemic treatments (Fig. 4). Fur-
thermore, multivariate regression analysis was performed to discover
potential confounders, which, however, cannot fully be excluded.

Second, as a cross-sectional study, no causal relationships can
be inferred. However, a cross-sectional study is a suitable design
to assess nontemporal relationships between variables and to gen-
erate hypotheses. Therefore, we envision that groups with longitu-
dinal or dosimetric datasets are able to establish a cause—effect
relationship between gonadotropin-releasing hormone—modulating
ADT and more potent antiandrogens such as androgen receptor
inhibitors, Sa-reductase, and CYP17a inhibitors on the PSMA bio-
distribution, as an understanding of hormonal influences might
have important implications for efficacy-maximizing and side-
effect-minimizing strategies for RLT.

CONCLUSION

These findings suggest that long-term ADT modulates PSMA
expression in a systemic fashion, which may have implications for
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treatment-optimizing and side-effect-minimizing strategies for
PSMA RLTs. Further, longitudinal studies also incorporating
second-generation ADT are warranted to establish a cause—effect
relationship and effect magnitude.
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KEY POINTS

QUESTION: Is ADT associated with the biodistribution of
58Ga-PSMA-11?

PERTINENT FINDINGS: In this monocentric, retrospective study,
the ®3Ga-PSMA-11 uptake of physiologically PSMA-avid organs
was compared between patients on midterm and long-term

ADT (n = 56) and a control group (n = 56). The ADT cohort had
significantly lower PSMA uptake in the salivary glands, liver,
spleen, and kidneys.

IMPLICATIONS FOR PATIENT CARE: These findings suggest
that long-term ADT modulates PSMA expression in a systemic
fashion, which may have implications for treatment-optimizing and
side-effect-minimizing strategies for PSMA RLTs, particularly
those using more potent 2°Ac-labeled PSMA conjugates.
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Prognostic Value of End-of-Treatment PSMA PET/CT in
Patients Treated with '"’Lu-PSMA Radioligand Therapy:
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Our objective was to evaluate the prognostic value of end-of-
treatment prostate-specific membrane antigen (PSMA) PET/CT
(PSMA-PET) in patients with metastatic castration-resistant prostate
cancer (MCRPC) treated with '7“Lu-PSMA radioligand therapy
(PSMA-RLT). Methods: This was a single-center retrospective study.
mCRPC patients who underwent PSMA-RLT with available baseline
PSMA-PET (bPET) and end-of-treatment PSMA-PET (ePET) within
6 mo of the last PSMA-RLT cycle were eligible. Overall survival (OS)
and prostate-specific antigen (PSA) progression status at the time of
ePET (by Prostate Cancer Clinical Trials Working Group 3 criteria)
were collected. PSMA-PET tumor segmentation was performed to
obtain whole-body PSMA tumor volume (PSMA-VOL) and define pro-
gressive (=20% increase) versus nonprogressive disease. Pairs of
bPET and ePET were interpreted for appearance of new lesions.
Response Evaluation Criteria in PSMA-PET/CT (RECIP) 1.0 were also
applied to define progressive versus nonprogressive disease. The
associations between changes in PSMA-VOL, new lesions, RECIP
1.0, and PSA progression status at the time of ePET with OS were
evaluated by Kaplan-Meier analysis. Results: Twenty mCRPC pa-
tients were included. The median number of treatment cycles was 3.5
(interquartile range [IQR], 2-4). The median time between bPET and
cycle 1 of PSMA-RLT was 1.0 mo (IQR, 0.7-1.8 mo). The median time
between the last cycle of PSMA-RLT and ePET was 1.9mo (IQR,
1.2-3.5mo). Twelve of 20 patients (60%) had died at the last follow-
up. The median follow-up time from ePET for survivors was 31.2 mo
(IQR, 6.8-40.7 mo). The median OS from ePET was 11.4mo (IQR,
6.8-30.7 mo). Patients with new lesions on ePET had shorter OS than
those without new lesions (median OS, 10.7mo [95% CI, 9.2-12.2]
vs. not reached; P = 0.002). Patients with progressive PSMA-VOL
had shorter OS than those with nonprogressive PSMA-VOL (median
0S, 10.7mo [95% Cl: 9.7-11.7mo] vs. not reached; P = 0.007).
Patients with progressive RECIP had shorter OS than those with non-
progressive RECIP (median OS, 10.7 mo [95% ClI, 9.7-11.7mo] vs.
not reached; P = 0.007). PSA progression at the time of ePET was
associated with shorter OS (median, 10.9mo [95% ClI, 9.4-12.4 mo]
vs. not reached; P = 0.028). Conclusion: In this retrospective study
of 20 MCRPC patients treated with PSMA-RLT, progression on ePET
by the appearance of new lesions, changes in PSMA-VOL, and RECIP
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1.0 was prognostic for OS. Validation in larger, prospective multi-
centric clinical trials is warranted.

Key Words: metastatic castration-resistant prostate cancer; radioli-
gand therapy; PSMA-PET; end-of-treatment PET; '""Lu-PSMA
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The small-molecule inhibitor ”’Lu-PSMA binds with high
affinity to prostate-specific membrane antigen (PSMA) and delivers
B-radiation. In the phase III VISION trial, which led to approval by
the Food and Drug Administration, !”’Lu-PSMA-617 prolonged
overall survival (OS) and image-based progression-free survival
when added to the standard of care for patients with metastatic
castration-resistant prostate cancer (mCRPC) who had received
prior taxane-based chemotherapy (7).

In metastatic prostate cancer, treatment response is typically eval-
uated using conventional imaging (CT and bone scanning) accord-
ing to the Prostate Cancer Clinical Trials Working Group 3 criteria
(2). The Food and Drug Administration approved PSMA PET/CT
(PSMA-PET) for different clinical settings in men with prostate can-
cer (3). However, further research is necessary to evaluate the prog-
nostic value of PSMA-PET for OS in mCRPC patients undergoing
treatment with !7’Lu-PSMA radioligand therapy (PSMA-RLT) (4).

Progression on end-of-treatment PSMA-PET (ePET) by modified
PSMA-PET progression criteria was reported to be prognostic for
OS in mCRPC patients undergoing treatment with PSMA-RLT
(5,6). Increased whole-body PSMA tumor volume (PSMA-VOL) on
ePET was also reported to be prognostic for OS, independent of '*F-
FDG PET/CT parameters (7). Recently, Response Evaluation Crite-
ria in PSMA-PET/CT (RECIP) 1.0 were introduced. Patients were
classified as having progressive disease (PD) if they had at least a
20% increase in PSMA-VOL and the appearance of new lesions on
interim PSMA-PET after the first 2 cycles of PSMA-RLT (4). Pro-
gression on interim PSMA-PET by RECIP 1.0 was also found to be
prognostic for OS in mCRPC patients treated with PSMA-RLT.
However, the prognostic value of progression on ePET by RECIP
1.0 has not, to our knowledge, been previously investigated.

In this retrospective study, we aimed to evaluate the prognostic
value of progression on ePET by RECIP 1.0 in mCRPC patients
treated with PSMA-RLT.
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TABLE 1

RECIP 1.0
Criteria Definition
New lesions Any new focus of PSMA uptake higher than surrounding background, with tumor SUV,,x > blood-
pool SUVax, not present on bPET (tumor SUV,.x < blood-pool SUV,,44), and with tumor uptake
not attributable to physiologic uptake or pitfalls; alternatively, any new malignant lesion detected
on follow-up CT imaging independent of PSMA-ligand uptake
RECIP 1.0

Complete response
Partial response

Absence of any PSMA uptake on follow-up PET scan
=30% decrease in PSMA-VOL without appearance of new lesions

PD =20% increase in PSMA-VOL with appearance of new lesions

Stable disease

<30% decrease in PSMA-VOL with or without appearance of new lesions, =30% decrease in

PSMA-VOL with appearance of new lesions, <20% increase in PSMA-VOL with or without
appearance of new lesions, or =20% increase in PSMA-VOL without appearance of new lesions

MATERIALS AND METHODS

Patients and Study Design

In this single-center retrospective study, mCRPC patients who
underwent PSMA-PET or PSMA-RLT between October 2016 and
April 2022 at UCLA were retrospectively screened for inclusion. Eli-
gible patients underwent PSMA-RLT, had available baseline PET
(bPET) and ePET performed within 6mo of the last PSMA-RLT
cycle, and had available survival data. The cutoff date for follow-up
was November 5, 2022. Patients who did not have a confirmed date of
death and had a follow-up time of less than 3 mo were excluded. This
retrospective analysis was approved by the Ethics Committee (UCLA
institutional review board approval 20-000954), which waived the
study-specific consent requirement. The primary outcome of the study
was to evaluate the prognostic value of ePET for OS. The secondary
outcome was to evaluate the correlation of prostate-specific antigen
(PSA) changes with ePET.

PSMA-PET Image Acquisition

Twenty pairs of PET scans (40 PET scans total) were used for
this analysis. “®Ga-PSMA-11 (Glu-NH-CO-NH-Lys-(Ahx)-[*®*Ga(H-
BEDCC)]) was used as the PSMA ligand. PSMA-PET/CT images were
acquired after intravenous injection of a median of 191 MBq of *®Ga-
PSMA-11 (interquartile range [IQR], 183—204 MBq) and a median
uptake time of 63 min (IQR, 59—68 min). Thirty-six of 40 (90%) PET
scans were done at UCLA, whereas 4 of 40 (10%) were done at outside
institutions. Twenty-one of 40 (53%) PET scans were acquired on a
Siemens Biograph 64 Truepoint scanner (image reconstruction para-
meters: no time of flight, ordered-subsets expectation maximization
2-dimensional [2 iterations, 8 subsets], 5-mm gaussian postreconstruc-
tion filter), 18 of 40 (45%) on a Siemens Biograph 64 mCT scanner
(image reconstruction parameters: no time of flight, ordered-subsets
expectation maximization 3-dimensional [2 iterations, 24 subsets],
5-mm gaussian postreconstruction filter), and 1 of 40 (2%) on a GE
Healthcare Discovery VCT scanner (image reconstruction parameters:
3-dimensional, no time of flight).

Image Analysis

Changes in Tumor Burden. The PSMA-positive tumor lesions on
bPET and ePET were segmented by 1 nuclear medicine physician, who
was masked to outcome data, using qPSMA software as described pre-
viously (8). PSMA-VOL was extracted, and percentage changes on
ePET relative to bPET were calculated. Patients were classified as hav-
ing PD (progressive PSMA-VOL, =20% increase) versus non-PD.

1738

New Lesions. Pairs of bPET and ePET were interpreted by 1
nuclear medicine physician. The appearance of at least 1 new lesion
on ePET was recorded.

RECIP. RECIP 1.0 were applied as previously described (4).
Patients were classified as having PD if they had at least a 20% increase
in PSMA-VOL with the appearance of new lesions on ePET versus
non-PD. Table 1 summarizes RECIP 1.0 classifications (4).

Statistical Analysis

OS was calculated in a landmark analysis from time of bPET (to per-
mit comparisons with the VISION trial) and from time of ePET (for
Kaplan—Meier analyses) to death or date of last follow-up alive. PSA pro-
gression status at the time of ePET was recorded and categorized accord-
ing to Prostate Cancer Clinical Trials Working Group 3 criteria (2).

Patient characteristics and study variables were summarized overall
and by group (progressive RECIP vs. nonprogressive RECIP) using
frequencies (percentages) or medians (quarters 1-3) unless otherwise
noted. To assess the association between OS and clinical parameters
such as changes in PSMA-VOL, appearance of new lesions, RECIP
1.0, and PSA progression status at the time of ePET, we used the
Kaplan—Meier method. The 95% Cls for the median OS (if it existed)
were computed and the corresponding P values from the log-rank test
were used to formally assess the associations of interest. The correla-
tions between percentage changes in serum PSA and percentage
changes in PSMA-VOL from bPET to ePET were assessed using
Spearman rank correlation coefficients. The associations between
PSMA-PET—derived parameters and PSA progression status at the
time of ePET were evaluated using the Fisher exact test. Analyses
were performed using Jamovi, and P values of less than 0.05 were
considered statistically significant.

RESULTS

Patients

Retrospective data from 425 men with prostate cancer who
underwent 2 PSMA-PET scans between October 2016 and April
2022 were screened. Of these, 20 mCRPC patients treated with
PSMA-RLT with available bPET and ePET met the eligibility crite-
ria and were included (Fig. 1). Patients were treated with PSMA-
RLT at UCLA and other international sites. Seven of 20 (35%)
patients were treated with PSMA-RLT under compassionate-
access programs, 10 of 20 (50%) in a phase II clinical trial
(NCT03042312), and 3 of 20 (15%) under an expanded-access pro-
tocol (NCT04825652) (9). Baseline characteristics are summarized
in Table 2.
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Patients with 22 PSMA-PET scans between
10/2016 and 4/2022, referred to UCLA for
either PSMA-PET or PSMA-RLT

(n = 425)

PSMA-VOL (median OS, 10.7mo [95%
CI, 9.7-11.7mo] vs. not reached; P = 0.007;
Fig. 3).

RECIP. Ten of 20 patients (50%) had
progressive RECIP at the time of ePET and
had a shorter OS than patients with nonpro-

EXCLUDED (n = 374)

Did not initiate PSMA-RLT between 2
PSMA-PET scans

gressive RECIP (median OS, 10.7 mo [95%
CI, 9.7-11.7] vs. not reached; P = 0.007,;
Fig. 3).

mCRPC patients who initiated PSMA-RLT
between two PSMA-PET scans

(n=51)

PSA and ePET. Eighteen of 20 patients
(90%) had available serum PSA values to
assess PSA progression status at the time of
ePET. Ten of 18 patients (55.6%) experi-
enced PSA progression at the time of ePET.

EXCLUDED (n = 11)

Patients with ePET >6 months after last
cycle of PSMA-RLT

Two of 18 patients (11.1%) experienced
PSA progression at the time of ePET but
were classified as non-PD by RECIP 1.0.

PSA progression at the time of ePET was

EXCLUDED (n = 17)

Patients who underwent interim PET, not
ePET

associated with shorter OS (median, 10.9 mo
[95% CI, 9.4-12.4] vs. not reached; P =
0.028; Fig. 3). Associations between pro-

gression by PSMA-VOL, new lesions, and

EXCLUDED (n = 3)
Patients lost to follow-up

RECIP 1.0 with PSA progression status at
ePET are summarized in Table 3. Changes

Patients with ePET within 6 months of last
PSMA-RLT cycle

(n = 20)

in PSA and PSMA-VOL between bPET and
ePET were strongly correlated (Spearman
p = 0.776; P < 0.001).

DISCUSSION

FIGURE 1. Study flowchart.

PSMA-RLT

The median number of treatment cycles was 3.5 (IQR, 2-4). The
median activity per cycle was 7.3 GBq (IQR, 6.6-7.4 GBq).
Injected activity data were not available in 5 patients for 8 cycles.
The median time between bPET and cycle 1 of PSMA-RLT was
1.0mo (IQR, 0.7-1.8 mo), whereas the median time between the
last cycle of PSMA-RLT and ePET was 1.9 mo (IQR, 1.2-3.5 mo).

Clinical Outcomes

Twelve of 20 patients (60%) had died at last follow-up. The
median follow-up time from ePET for survivors was 31.2 mo (IQR,
6.8—40.7 mo). The median OS was 19.5 mo from bPET (IQR, 16.3—
36.6 mo) and 11.4 mo from ePET (IQR, 6.8-30.7 mo).

Image Analysis

Case summary images for each patient are provided in the sup-
plemental figures (supplemental materials are available at http:/
jnm.snmjournals.org). Four of 20 patients (20%) did not have suf-
ficient PSA data to document changes during PSMA-RLT. Sample
cases of PSMA-PET and PSA responders and nonresponders are
also shown in Figure 2.

New Lesions. Eleven of 20 patients (55%) had new lesions
on ePET and had a shorter OS than patients without new lesions
(median OS, 10.7mo (95% CI, 9.2-12.2) vs. not reached;
P = 0.002; Fig. 3).

PSMA-VOL Changes. The median change in PSMA-VOL on
ePET relative to bPET was +21.5% (IQR, —76.9% to +266.5%).
Ten of 20 patients (50%) had progressive PSMA-VOL at the time
of ePET and had a shorter OS than patients with nonprogressive

In this single-center retrospective cohort

study of 20 mCRPC patients treated with

PSMA-RLT, progression on ePET by

RECIP 1.0 was prognostic for OS. Changes in PSMA-VOL corre-

lated with changes in PSA and were associated with PSA progres-
sion status.

These findings are consistent with Michalski et al., who found
that progression on ePET using modified PSMA-PET progres-
sion criteria was prognostic for OS in mCRPC patients treated
with PSMA-RLT (5). Our results are also consistent with Path-
manandavel et al., who demonstrated that changes in total tumor
volume on ePET were prognostic for OS, independent of '8F-
FDG parameters, in mCRPC patients who underwent PSMA-
RLT (7). Although RECIP 1.0 was initially introduced using
interim PSMA-PET, our analysis now suggests that response
assessment on ePET using RECIP 1.0 can be prognostic for
OS (4).

Because the extraction of quantitative, whole-body PSMA-PET
parameters is not widely available in clinical practice, lesion-based
response criteria still provide easily accessible prognostic infor-
mation. Similar to prior reports, we found that the appearance of
new lesions on ePET is prognostic for OS (4,5). However, it
should also be noted that the appearance of new lesions on ePET
as a single lesion assessment may not fully capture disease het-
erogeneity. In our analysis, among 11 of 20 patients who had
new lesions on ePET, 1 (9%) patient (case 9, supplemental
materials) was classified as non-PD by PSMA-VOL and RECIP
1.0 and had an OS of 9.7 mo after ePET. In the original RECIP
1.0 study, which analyzed 124 patients, 13% of patients had new
lesions despite a decrease in tumor volume and were classified as
having stable disease, with a different survival outcome from true

END-OF-TREATMENT PSMA PET + Murthy et al. 1739



TABLE 2
Baseline Characteristics

Characteristic All patients (n = 20) Progressive RECIP (n = 10) Nonprogressive RECIP (n = 10)
Age (y) 71 (66-75) 74 (69-77) 68 (61-72)
Time since diagnosis of prostate cancer (y) 8 (5-13) 9 (7-16) 7 (4-12)
Gleason score at diagnosis*

<8 6 (31.6) 5 (50) 1(11.1)

=8 13 (68.4) 5 (50) 8 (88.9)
M status at diagnosis®

MO (%) 11 (61.1) 7 (77.8) 4 (44.4)

1 (%) 7 (38.9) 2 (22.2) 5 (55.6;

Primary treatment

Prostatectomy + lymphadenectomy 9 (45) 6 (60) 3(30)

Local radiotherapy 1(5) 1(10) 0 (0)

Systemic treatment 10 (50) 3 (30) (70)
Previous mCRPC treatments
Previous chemotherapy

Docetaxel 11 (565) 7 (70) (40)

Cabazitaxel 6 (30) 3 (30) (30)

Other chemotherapy 4 (20) 1(10) 3 (30)
Androgen receptor-signaling inhibitor

Abiraterone 16 (80) 8 (80) 8 (80)

Enzalutamide 14 (70) 8 (80) 6 (60)

225Ra 4 (20) 2 (20) 2 (20)

Other 14 (70) 8 (80) 6 (60)
Prior lines of mMCRPC systemic treatment

0 2 (10) 1(10) 1(10)

1 3 (15) 0 3 (30)

=2 15 (75) 9 (90) 6 (60)

=3 4 (70) 8 (80) 6 (60)

=4 2 (60) 7 (70) 5 (50)
Baseline PSA (ng/mL), closest to cycle 1 19.5 (3.4-30.3) 0.0 (10.4-32.2) 5.3 (0.8-27.8)
Time between PSA and cycle 1 (d) 6 (3-11) 7 (4-11) 6 (2-12)
Baseline lactate dehydrogenase (U/L)* 215 (178-224) 218.5 (206.8-271) 174 (167-200)
Baseline total alkaline phosphatase (U/L)° 94.5 (70-117.5) 113 (85-132) 81 (68-95)
Baseline hemoglobin (g/dL)H 13.1 (11.6-13.5) 13.1 (11.4-13.4) 13.1 (11.6-13.6)
Baseline ECOG performance status'

0 10 (62.5) 5 (55.6) 5 (71.4)

1 5(31.3) 3 (33.3) 2 (28.6)

2 1 (6.3) 1(11.1) 0 (0)
Sites of disease on bPET

Bone 2 (10) 2 (20) 0(0)

Nodal 1) 0(0) 1(10)

Bone + nodal 10 (50) 6 (60) 4 (40)

Visceral + bone 1(5) 0(0) 1(10)

Visceral + nodal 2 (10) 1(10) 1(10)

Bone + nodal + visceral 4 (20) 1(10) 3 (30)

*Data missing 1 for patient overall, 0 for progressive RECIP cohort, and 1 for nonprogressive RECIP cohort.
TData missing for 2 patients overall, 1 for progressive RECIP cohort, and 1 for nonprogressive RECIP cohort.

*Data missing for 13 patients overall, 6 for progressive RECIP cohort, and 7 for nonprogressive RECIP cohort.

SData missing for 2 patients overall, 1 for progressive RECIP cohort, and 1 for nonprogressive RECIP cohort.
IData missing for 1 patient overall, 0 for progressive RECIP cohort, and 1 for nonprogressive RECIP cohort.
Data missing for 4 patients overall, 1 for progressive RECIP cohort, and 3 for nonprogressive RECIP cohort.
ECOG = Eastern Cooperative Oncology Group.

Qualitative data are number and percentage of available data in cohort; continuous data are median and IQR.
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FIGURE 2. Sample cases. (A) 48-y-old man with mCRPC treated with 4 cycles of PSMA-RLT between bPET and ePET. Patient had no new lesions on
ePET, was classified as non-PD on basis of PSMA-VOL and RECIP 1.0, and experienced PSA decrease of 100% from bPET to ePET. Patient had
follow-up of 41.5mo from ePET. (B) 77-y-old man with mCRPC treated with 2 cycles of PSMA-RLT between bPET and ePET. Patient had new lesions
on ePET, was classified as PD on basis of PSMA-VOL and RECIP 1.0, and experienced PSA increase of 582.5% from bPET to ePET. Patient had OS of
5.0mo from ePET. (C) 59-y-old man with mCRPC treated with 3 cycles of PSMA-RLT between bPET and ePET. Patient had new lesions on ePET but
was classified as non-PD on basis of PSMA-VOL and RECIP 1.0 and experienced PSA decrease of 79% from bPET to ePET. Patient had OS of 9.7 mo
from ePET. (D) 65-y-old man with mCRPC treated with 5 cycles of PSMA-RLT between bPET and ePET. Patient had no new lesions on ePET and was
classified as non-PD on basis of PSMA-VOL and RECIP 1.0 but experienced PSA increase of 103.9% from bPET to ePET. Patient had OS of 11.8 mo

from ePET.

progressors (4). This discrepancy illustrates the importance of
incorporating quantitative, whole-body PSMA-PET parameters in
response assessment. Furthermore, in a comparative analysis of cri-
teria for therapy response assessment in mCRPC, RECIP 1.0 iden-
tified fewer patients with PD, and patients classified as PD had a
higher risk of death than non-PD patients by RECIP 1.0 compared
with PSMA PET Progression criteria (/0). These findings suggest
that the incorporation of changes in PSMA-VOL in response evalu-
ation may be more informative than per-lesion analyses (10).

Automatic segmentation software is currently in development
to provide fast and reproducible tools to extract whole-body quantita-
tive PSMA-PET metrics and enable their widespread use in clinical
practice (8,11). As an alternative to the extraction of whole-body
quantitative PSMA-PET parameters, a recent study also demonstrated
that RECIP 1.0 determined by visual reads had excellent interreader
reliability and agreement with quantitative RECIP 1.0 as determined by
semiautomatic segmentation software, and progression by visual
RECIP 1.0 was prognostic for OS in mCRPC patients undergoing
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If ePET is shown to be an independent pre-
dictor of OS and progression-free survival in
large, prospective trials, it can serve as an
expedited novel endpoint for clinical trials
assessing novel drugs.

For other molecular targeted theranostics,
there are only limited series reporting on
the prognostic value of end-of-treatment
PET/CT with ®®Ga-DOTATATE in patients
with neuroendocrine tumors undergoing
treatment with somatostatin receptor-targeted
RLT (/7). In a retrospective analysis of 12
patients, decreases in the H-lesion SUV .
on end-of-treatment DOTATATE PET indi-
cated a lower risk for PD within 20mo of
therapy (/8). In another retrospective analy-
sis of 30 patients, increases in whole-body
somatostatin receptor tumor volume on
end-of-treatment DOTATATE PET were
associated with lower OS (79). Future studies
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—| that investigate the prognostic value of

whole-body targeted PET imaging metrics
in patients undergoing targeted therapy are

u warranted.

FIGURE 3. Kaplan—-Meier curves. (A) Appearance of new lesions on ePET. (B) Progressive PSMA-
VOL vs. nonprogressive PSMA-VOL on ePET. (C) Progressive RECIP vs. nonprogressive RECIP on

ePET. (D) PSA progression status at time of ePET. PD = progressive disease.

PSMA-RLT (/2). Visual RECIP can serve as an effective surrogate for
quantitative changes derived from a tumor segmentation software.

The prognostic value of ePET has been extensively explored with
E_FDG in lymphoma both using visual scores (Deauville/IHC) and
using quantitative parameters (changes in SUV,,,, and metabolic
tumor volume) (13—16). '8F-FDG PET is a response assessment and
surveillance tool routinely incorporated in the management of lym-
phoma patients. Response monitoring and prognostic assessments
based on multiple PSMA-PET parameters including ePET may be
considered in the management of mCRPC patients to guide treatment
decisions in a more personalized manner. However, the value of
ePET for clinical management may be more limited in mCRPC
patients undergoing treatment with PSMA-RLT than is end-of-
treatment '®F-FDG PET in lymphoma patients, since mCRPC patients
rarely have a complete response to PSMA-RLT. Still, changes in
PSMA-PET parameters from baseline to end of treatment may be
able to predict OS and progression-free survival in mCRPC patients.

The main limitation of this study is the
selection bias inherent in its retrospective
design. First, we only included patients
who survived long enough to undergo
ePET. Therefore, the OS from bPET in
our cohort was 19.5 mo, compared with 15.3 mo from randomiza-
tion in the treatment arm of the VISION trial. This difference in
OS can also be explained by the difference in patient populations:
multiple patients in our cohort did not previously undergo taxane-
based chemotherapy, which was a prerequisite for enrollment in
the VISION trial. Second, patients were more likely to be referred
to undergo a restaging PSMA-PET scan after their last PSMA-
RLT cycle because of suspicion of disease progression based on
PSA. Therefore, there was a general concordance between PSA
progression status and characteristics on PSMA-PET. There were
only 2 patients (cases 5 and 15, supplemental materials) who expe-
rienced PSA progression at ePET but were classified as non-PD
on the basis of RECIP 1.0. Given the small size of our cohort, we
were not able to directly compare the prognostic value of PSA
with PSMA-PET in this analysis. In the original RECIP 1.0 study,
among the patients without a PSA response at 12 wk (76/124,
61%), patients classified as RECIP-PR (10/76, 13%) had an OS

TABLE 3
ePET and PSA Progression
Parameter Total PSA progression at ePET No PSA progression at ePET P
Total 18 10 (55.6) 8 (44.4) NA
New lesions on ePET 9 (50) 8 (80)* 1(12.5) 0.015
PSMA-VOL, PD 8 (44.4) 8 (80)" 0 (0) 0.001
RECIP, PD 8 (44.4) 8 (80)" 0 (0) 0.001

*Significant by Fisher exact test.
NA = not applicable.
Data are number and percentage.
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superior to that of patients without RECIP-PR (66/76, 87%): 22.7
versus 9.0mo (4). These results demonstrate the potential added
value of PSMA-PET to PSA for therapy response assessment.

Other limitations of this retrospective study include the small
sample size, the use of a single PET reader, the heterogeneous
number of PSMA-RLT cycles administered for each patient before
ePET, and the heterogeneity of prior and concomitant mCRPC
therapies. Five patients initiated other treatments in addition to
PSMA-RLT between bPET and ePET (supplemental materials).
Thus, the impact of PSMA-RLT on PSMA-PET findings could
not be teased out in these patients.

Larger prospective trials are necessary to define the prognostic
value of progression on ePET by RECIP 1.0 for progression-free
survival and OS. These trials could provide data to support the use
of PSMA-PET as a novel surrogate endpoint in clinical trials.

CONCLUSION

In this retrospective cohort of 20 mCRPC patients treated with
PSMA-RLT, progression on ePET by the appearance of new lesions,
changes in PSMA-VOL, and RECIP 1.0 was prognostic for OS. These
findings warrant validation in a larger, multicentric patient cohort.
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KEY POINTS

QUESTION: What is the prognostic value of ePET in mCRPC
patients treated with PSMA-RLT?

PERTINENT FINDINGS: In this retrospective study of 20 mCRPC
patients treated with PSMA-RLT, progression on ePET by the
appearance of new lesions, changes in PSMA-VOL, and RECIP
1.0 was prognostic for OS.

IMPLICATIONS FOR PATIENT CARE: Progression on ePET by
RECIP 1.0 is prognostic for OS and may be considered in the
management of mMCRPC patients to guide treatment decisions in
a more personalized manner.
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Prostate-specific membrane antigen (PSMA) PET has a higher accu-
racy than CT and bone scans to stage patients with prostate cancer.
We do not understand how to apply clinical trial data based on conven-
tional imaging to patients staged using PSMA PET. Therefore, we
aimed to evaluate the ability of bone scans to detect osseous metasta-
ses using PSMA PET as a reference standard. Methods: In this multi-
center retrospective diagnostic study, 167 patients with prostate
cancer, who were imaged with bone scans and PSMA PET performed
within 100 d, were included for analysis. Each study was interpreted by
3 masked readers, and the results of the PSMA PET were used as the
reference standard. Endpoints were positive predictive value (PPV),
negative predictive value (NPV), and specificity for bone scans. Addi-
tionally, interreader reproducibility, positivity rate, uptake on PSMA
PET, and the number of lesions were evaluated. Results: In total, 167
patients were included, with 77 at initial staging, 60 in the biochemical
recurrence and castration-sensitive prostate cancer setting, and 30 in
the castration-resistant prostate cancer setting. In all patients, the PPV,
NPV, and specificity for bone scans were 0.73 (95% ClI, 0.61-0.82),
0.82 (95% Cl, 0.74-0.88), and 0.82 (95% Cl, 0.74-0.88), respectively.
In patients at initial staging, the PPV, NPV, and specificity for bone
scans were 0.43 (95% ClI, 0.26-0.63), 0.94 (95% CI, 0.85-0.98), and
0.80 (95% Cl, 0.68-0.88), respectively. Interreader agreement for bone
disease was moderate for bone scans (Fleiss k, 0.51) and substantial
for the PSMA PET reference standard (Fleiss k, 0.80). Conclusion: In
this multicenter retrospective study, the PPV of bone scans was low in
patients at initial staging, with 57% of positive bone scans being false
positives. This suggests that a large proportion of patients considered
low-volume metastatic by the bone scan actually had localized dis-
ease, which is critical when applying clinical data from trials such as
the STAMPEDE M1 radiation therapy trial to patients being staged with
PSMA PET.
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Prostate-speciﬁc membrane antigen (PSMA) PET has become
the standard imaging modality for patients with prostate cancer at
initial staging and biochemical recurrence (/). Previous work has
compared the results of PSMA PET with the results of bone scans
for the detection of osseous metastases and has shown that PSMA
PET has a sensitivity and specificity higher than that of bone scans
(2,3). Nearly all prostate cancer trials have used conventional
imaging (bone scans in combination with CT scans) for staging.
However, how to apply the data from these clinical trials to
patients staged with PSMA PET remains unclear.

In the CHAARTED trial, patients with high-volume disease, which
is defined as having 4 or more bone lesions on a bone scan, were
shown to have overall survival benefits with the addition of docetaxel
compared with androgen-deprivation therapy alone (4). Given that
PSMA PET has a detection sensitivity higher than that of bone scans,
most believe that a larger number of lesions seen on PSMA PET are
needed to meet the definition of high-volume disease.

More recently, a secondary analysis of the STAMPEDE M1
radiation therapy (RT) trial demonstrated that patients with low-
volume disease, which is defined as having 3 or fewer lesions on a
bone scan, benefit from prostate bed RT when combined with
androgen-deprivation therapy and docetaxel (5). The results of this
study have led to the use of prostate bed RT in patients with low-
volume metastatic disease on bone scans. However, questions
remain about the accuracy of bone scans for the assessment of
metastatic burden and what number of lesions seen on PSMA PET
would cause patients to be considered to have high-volume disease
and thus not to benefit from prostate bed RT.

We therefore set forth to understand the positive predictive
value (PPV), negative predictive value (NPV), and specificity of
bone scans using PSMA PET as a reference standard in patients at
various disease stages to help us understand how to use PSMA
PET results in the setting of clinical trial data performed using
conventional imaging.

MATERIALS AND METHODS

This was an international multicenter retrospective head-to-head
comparison imaging study. Databases from 3 institutions (University
of California, San Francisco, UCLA, and Essen) were retrospectively
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screened, and patients were included who had PSMA PET scans and
bone scans performed within 100 d of one another. Patients with new
interval treatment were excluded. Patients included in the analysis were
those at initial staging, in a biochemical recurrence and castration-
sensitive prostate cancer (BCR/CSPC) setting, and in a castration-
resistant prostate cancer (CRPC) setting. This study was approved by
each site’s institutional review board; all data were deidentified, and
informed consent was waived.

Image Interpretation

Each bone scan was interpreted by 3 masked readers, and each PSMA
PET scan was interpreted by 3 other masked readers. Anonymized data-
sets were provided to each reader. Readers were masked to all clinical
information and did not have access to other imaging studies available
for the patient. For bone scans, the presence of prostate cancer (positive
vs. negative) was recorded for 17 osseous regions. For PSMA PET scans,
in addition to the osseous regions used for bone scans, 4 other regions
were recorded including prostate bed, pelvic nodes, extrapelvic nodes,
and visceral metastases. SUV ., was recorded for the osseous lesion
with the highest uptake. The total number of osseous lesions was also
noted by each reader for both bone scans and PSMA PET scans. Their
findings were entered by the readers directly into the central REDCap
database (supplemental material, available at http:/jnm.snmjournals.org).
Per-region majority rule was used for the analysis.

Statistical Analysis

The primary outcome was PPV, NPV, and specificity of bone scans
using PSMA PET as a reference standard. The secondary outcomes
were the comparison of patient-level positivity rates, the number of
lesions detected with each modality, the interreader agreement, and the
PSMA PET SUV,,,.x. Results were broken down by clinical stage. Inter-
reader agreement was evaluated using Fleiss k and interpreted by criteria
of Landis and Koch by region (6). CIs were calculated using the Wilson
method (7). A 95% CI was calculated for the number of lesions visual-
ized. A 2-sided Student ¢ test was used to compare SUV,,,, and the
number of lesions seen between cohorts. Statistical analyses were per-
formed with R, version 3.5.1 (R Foundation).

RESULTS

In total, 167 patients were included across 3 institutions (Sup-
plemental Fig. 1). Seventy-seven patients were imaged at initial
staging, 60 in the BCR/CSPC setting, and 30 in the CRPC setting
(Table 1). The median time between the bone scan and the PSMA
PET scan was 29 d (range, 1-100 d). PSMA PET was performed
earlier than bone scanning in 117 patients (70%).

Imaging Results

On the basis of the majority read, 66 (40%) patients had osseous
region disease on bone scans and PSMA PET scans (Table 2). Of
the 66 patients positive on bone scanning, 48 were positive
on PSMA PET. The PPV and NPV for bone scans were 0.73
(95% CI, 0.61-0.82) and 0.82 (95% CI, 0.74-0.88), respectively,
with a specificity of 0.82 (95% CI, 0.74-0.88).

When focusing on patients at the initial staging, we found that 13
(17%) patients had osseous region disease on PSMA PET, whereas
23 (30%) were identified as having osseous region disease on bone
scanning. Of the 23 patients positive on bone scanning, only 10
were positive on PSMA PET (Fig. 1). The PPV and NPV for bone
scans were 0.43 (95% CI, 0.26-0.63) and 0.94 (95% CI, 0.85-0.98),
respectively, with a specificity of 0.80 (95% CI, 0.68-0.88). When
we limited the data to patients who had imaging done within 30 d,
the PPV and NPV for bone scans were 0.36 (95% CI, 0.16-0.61)
and 0.90 (95% CI, 0.75-0.97), respectively, with a specificity of
0.76 (95% CI, 0.60-0.87). In the 16 patients with fewer than 4
lesions on bone scanning (i.e., low volume by CHAARTED crite-
ria), only 7 (44%) were positive on PSMA PET. Three patients
were positive on PSMA PET and negative on bone scanning.

In the BCR/CSPC setting, the PPV, NPV, and specificity were
0.77 (95% CI, 0.57-0.90), 0.74 (95% CI, 0.58-0.85), and 0.85
(95% CI, 0.69-0.93), respectively. In CRPC patients, the PPV, NPV,
and specificity were 1.0 (95% CI, 0.85-1.0), 0.56 (95% CI,
0.27-0.81), and 1.0 (95% CI, 0.57-1.0), respectively. Of the 16

TABLE 1
Patient Demographics

Parameters Initial staging BCR/CSPC CRPC Overall
Patients 77 60 30 167
Age (y) 66.5 (42-86) 71.2 (53-85) 71.0 (52-88) 69.0 (42-88)
PSA at imaging (ng/mL) 12.2 (1.8-516) 4.7 (0.1-1164) 26.3 (0.9-1389) 10.5 (0.1-1389)
ISUP

1-3 15 (19) 39 (65) 10 (33) 64 (38)

4 22 (29) 7 (12) 6 (20) 35 (21)

5 38 (49) 13 (22) 12 (40) 63 (38)
Prior treatments

RP 0 (0) 40 (67) 19 (64) 59 (35)

RT 0(0) 37 (62) 25 (83) 62 (37)

ARTT 1(1) 4 (7) 9 (30) 14 (8)

Chemotherapy 0(0) 9 (15) 10 (33) 19 (11)
Days between PSMA PET and bone scan 28.0 (1-85) 41.5 (1-100) 10.0 (1-87) 29.0 (1-100)
Number of patients with <30 d between imaging 43 (56) 23 (38) 18 (60) 84 (50)

PSA = prostate-specific antigen; ISUP = International Society of Urological Pathology; RP = radical prostatectomy; ARTT = androgen

receptor-targeted therapy.

Qualitative data are number and percentage; continuous data are median and range.
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TABLE 2
Imaging Results

Parameter Initial staging BCR/CSPC CRPC Overall
Bone scans
M1b positive 23 (30) 22 (37) 21 (70) 66 (40)
Low volume (1-3 lesions) 16 (70) 10 (45) (29) 32 (48)
High volume (=4 lesions) 7 (30) 12 (55) 15 (71) 34 (52)
PSMA PET
T-positive 69 (90) 17 (28) 6 (20) 92 (55)
N-positive 28 (36) 20 (33) 14 (47) 62 (37)
M1a-positive 9 (12) 20 (33) 16 (53) 45 (27)
M1b-positive 13 (17) 28 (47) 25 (83) 66 (40)
M1c-positive 0 (0) 6 (10) 3 (10) 9 (5)
Bone scan vs. PSMA PET comparison
Both positive, TP 10 (13) 17 (28) 21 (70) 48 (29)
Both negative, TN 51 (66) 27 (45) 5(17) 83 (50)
BS-positive/PSMA-negative, FP 13 (17) 5(8) 0 (0) 18 (11)
PSMA-positive/BS-negative, FN 3 (4) 11 (18) 4 (13) 18 (11)

M1b = osseous regions; T = prostate bed; N = pelvic nodes; M1a = extrapelvic nodes; M1c = visceral metastases; TP = true-

positive; TN = true-negative; FP = false-positive; FN = false-negative.

Data are number and percentage.

patients in the BCR/CSPC and CRPC settings with fewer than 4
lesions on bone scanning, 12 (75%) were positive on PSMA PET.

In patients with positive osseous lesions on both PSMA PET
and bone scanning by a majority read (n = 48), there were
4.4=* 0.6 lesions on bone scanning and 7.5* 1.6 lesions on

PSMA PET (P < 0.001). In the subset of patients at initial staging,
the number of lesions seen was smaller and the difference not signifi-
cant, with 2.8 = 1.1 lesions on bone scanning and 3.2 = 1.3 lesions
on PSMA PET (P = 0.5). The mean SUV,, on PSMA PET in
patients at initial staging was lower than that in patients in the

BCR/CSPC and CRPC settings (10.3 = 6.9

=

PSMA PET 4

Bone scan anterior

Bone scan posterior

vs. 36.3 £42.5, P = 0.049).

Interreader Agreement

For osseous lesions, interreader agreement
for bone scans was moderate (Fleiss k, 0.51),
whereas for PSMA PET, it was substantial
(Fleiss k, 0.80). For prostate bed, pelvic
nodes, and extrapelvic nodes, the interreader
agreement for PSMA PET was substantial:
0.73, 0.61, and 0.73, respectively. For other
organs, the interreader agreement for PSMA
PET was moderate (0.41).

DISCUSSION

In this multicenter retrospective head-
to-head comparison diagnostic study using
PSMA PET as a reference standard, we
demonstrated that the specificity of bone
scans is high and similar across disease
states, but the PPV is lower in patients at
initial staging than in the population as a
whole (0.43 vs. 0.73). Overall, 27% of

FIGURE 1.

1746

A 74-y-old man at initial staging with PSMA PET that demonstrates low uptake in primary
tumor (A, arrowhead) and left pelvic side wall node (A, arrow). Bone scan was read as positive by 2 of 3
readers. One reader read 2 lesions in lumbar spine (C, arrows), and second reader read additional
lesions in ribs, thoracic spine, and sacrum (C, arrowheads). This case is false-positive on bone scan.

patients with osseous metastases on bone
scanning were negative on PSMA PET,
and this increased to 57% in patients at
initial staging.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 + November 2023



Prior work has demonstrated similar high specificities for bone
scans, reporting values of approximately 0.82 (8). It is important to
remember that in the initial staging population, where the prevalence
of osseous metastases is lower, the false-positive rate is much higher.
This can be seen in our data, in which the percentage of bone scans
that were false positive was 57% at initial staging versus 0% in the
CRPC setting. These results are nearly identical to prior work compar-
ing the results of bone scanning with PSMA PET at initial staging (9).

These results bring into question how to define patients with
low-volume disease using PSMA PET in light of the STAMPEDE
M1 RT data. If one were to apply our initial staging data to the M1
RT trial, 56% of patients with low-volume disease based on bone
scanning had localized disease by PSMA PET. Therefore, there is a
greater likelihood that the overall survival benefit seen in the trial is
not driven by preventing further development of metastatic disease
but rather by providing definitive RT to nonmetastatic disease that
was incorrectly classified as M1 by bone scanning. Although one
typically thinks of bone scans as understaging disease relative to
PSMA PET (as was shown in our study, because more lesions than
on bone scans were seen in patients with positive PSMA PET
scans), in the initial staging setting a bone scan overstages patients
relative to PSMA PET because of its high false-positive rate.

This study has many limitations. First, using PSMA as a reference
standard for evaluation of bone scans can be problematic, particularly
given the false positives on PSMA PET in bone lesions. Of note,
PSMA PET false positives would not impact the false-negative rate
of bone scans in our analysis. Second, the bone scans and PSMA
PET scans were not concurrent, although the difference in PPV was
not impacted by limiting imaging studies done 30 d apart versus
100 d apart. Third, planar bone scans were used consistently with
the STAMPEDE trial, but it is well established that the use of
SPECT/CT would increase the specificity and PPV of bone scans
(10). 1t should be noted that the STAMPEDE trial did not require
SPECT/CT. Fourth, as the masked reads were performed retrospec-
tively, readers may have been inclined to increase their sensitivity.

CONCLUSION

In this multicenter retrospective diagnostic study using PSMA
PET as the reference standard, the PPV of bone scans at initial
staging was low (0.43). This results in incorrect staging (as having
osseous metastasis) of more than half of patients in this group.
This overstaging by bone scans is important when applying clini-
cal data from trials such as the STAMPEDE M1 RT trial to
patients being staged with PSMA PET. Before patients receive
prostate bed RT in low-volume metastatic disease on PSMA PET,
further work should be performed to understand if the results of
the STAMPEDE M1 RT trial are generalizable.
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KEY POINTS

QUESTION: What is the PPV, NPV, and specificity of bone scans
in prostate cancer patients using PSMA PET as a reference
standard?

PERTINENT FINDINGS: Although the specificity of bone scans
was similar in initial staging of patients versus the entire cohort
(0.80 vs. 0.82), the PPV was markedly lower in the initial staging
of patients (0.43 vs. 0.73).

IMPLICATIONS FOR PATIENT CARE: The lower PPV at the
initial staging of patients means that more than half of patients
staged as having metastatic disease on bone scans actually had
no osseous metastasis. The observed overstaging by bone scans
is important when applying clinical data from trials such as the
STAMPEDE M1 RT trial to patients being staged with PSMA PET.
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INVITED PERSPECTIVE

Out with the Old, in with the New: Can We Bridge the Gap
Between Clinical Trial Results Based on Bone Scans and the
Era of Modern Prostate Cancer Imaging?
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Prostate cancer is a significant contributor to overall cancer-
related morbidity and mortality (/). Accurate disease staging is a
critical component in making informed therapeutic decisions (2). Pros-
tate cancer imaging has witnessed noteworthy advancements in recent
years, with a noticeable shift from traditional imaging techniques such
as *™Tc bone scans and CT to PET/CT modalities, most notably
using various tracers targeting prostate-specific membrane antigen
(PSMA). The Food and Drug Administration has granted approval
for 5 PET/CT tracers since 2012, namely, !'C-choline (2012), '3F-
fluciclovine (2016), ®Ga-PSMA-11 (2020), '8F-piftufolastat (2021),
and '8F-flotufolastat (2023). The Food and Drug Administration—
approved indications for these agents include biochemical recurrence
(BCR) in prostate cancer, with the latter 3 agents also approved for ini-
tial staging.

Extensive research has been performed to ascertain the diagnos-
tic accuracy of PET/CT tracers as well as their performance in
relation to conventional imaging. In a prospective trial that com-
pared the diagnostic efficacy of °®Ga-PSMA-11 with that of '3F-
fluciclovine, the former demonstrated significantly higher detection
rates (3). Moreover, the multicenter, randomized pro-PSMA trial
evaluated CT and bone scanning versus *®Ga-PSMA-11 PET in stag-
ing men with high-risk prostate cancer, with PSMA PET demonstrat-
ing a 27% greater accuracy (4). Furthermore, in comparison to
conventional bone scanning or PET/CT with bone-seeking tracers,
whole-body PSMA PET/CT offers the advantage of detecting addi-
tional sites of disease beyond skeletal metastases, providing the added
benefit of a 1-stop shop in its staging. Indeed, the mounting body of
evidence on the diagnostic accuracy of PSMA PET agents has led to
their inclusion in the National Comprehensive Cancer Network pros-
tate cancer guidelines. Specifically, the guidelines recommend that
18F_piflufolastat or **Ga-PSMA-11 PET/CT or PET/MRI be consid-
ered as alternatives to conventional imaging at initial staging, BCR,
and workup for progressive disease (https://www.nccn.org).

Appropriate-use criteria for PSMA PET/CT, published in this
journal in 2022 (5), also suggest that PSMA PET/CT is appropriate
for staging newly diagnosed unfavorable intermediate- to high-risk
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prostate cancer, staging BCR after radical prostatectomy or defini-
tive radiotherapy, and assessing nonmetastatic castration-resistant
prostate cancer based on conventional imaging. However, in the
context of evaluating therapy response and restaging in castration-
resistant disease, there are limitations in the available data for
PSMA PET and a lack of validated standardized criteria for asses-
sing response using this modality. As a result, conventional im-
aging remains the gold standard modality, as recognized by the
Prostate Cancer Clinical Trials Working Group 3 (6).

The study published by Hope et al. (7) in this issue of The Jour-
nal of Nuclear Medicine is a great attempt at translating clinical
trial findings derived from bone scans to PSMA PET/CT. This
international multicenter retrospective study was conducted to
evaluate the diagnostic efficacy of bone scans in detecting osseous
metastases using PSMA PET/CT as a reference standard. The
study enrolled 167 patients with prostate cancer (77 at initial stag-
ing, 60 at BCR, and 30 in the setting of castration resistance) who
underwent bone scanning and PSMA PET/CT within 100 d. Three
independent masked readers evaluated each scan without access to
clinical information or other imaging results. Overall, the bone
scans had a positive predictive value, negative predictive value,
and specificity of 0.73, 0.82, and 0.82, respectively. However,
when only the initial staging cohort was considered, the positive
predictive value, negative predictive value, and specificity were
0.43, 0.94, and 0.8, respectively. In total, 27% of patients with
bone metastases detected on bone scanning were found to be nega-
tive on PSMA PET/CT. This (false-positive) percentage increased
to 57% in the initial staging group. In the separate analysis for
BCR and castration-resistant patients, the positive predictive value
was 0.77 and 1, respectively. This suggests that the rate of false-
positive bone scans decreased as the pretest probability for meta-
static disease increased (positive and negative predictive values
are directly related to disease prevalence).

Hope et al. further discussed their findings in relation to the sec-
ondary analysis of the STAMPEDE M1 radiation therapy trial (8),
which demonstrated the effectiveness of prostate irradiation in
combination with androgen-deprivation therapy and docetaxel for
patients with low-volume disease on bone scans (fewer than 4 bone
metastases). Discovering the disease overestimation by bone scan-
ning compared with PSMA PET/CT, Hope et al. then extrapolated
that it was highly likely that many patients classified as having
low-volume metastatic disease at initial staging in the STAMPEDE
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M1 radiation therapy trial based on bone scanning (=57%) would
have had localized disease had they been staged by PSMA
PET/CT. Therefore, the additional survival benefit derived from the
trial intervention would realistically be attributed to treating only
localized disease. However, it is not possible to totally dismiss the
added benefit of the trial intervention in the subset of patients who
truly had low-volume M1 metastatic disease on bone scans. Despite
Hope et al. and other groups’ best efforts, it remains unknown how
low-volume disease on the bone scan translates to PSMA PET/CT
and whether there still is a survival benefit from irradiation of the
primary in the presence of a (yet undefined) low burden of PSMA
PET—detected metastatic disease.

It is noteworthy that Hope et al. screened 10,807 patients who
had a PSMA PET/CT scan, only to find 973 patients (9%) who
also had a bone scan. After excluding studies with scans per-
formed more than 100 d apart and patients who had treatment
between the 2 imaging modalities, they included 167 patients
(1.5% of the screened population) in their final cohort, 70% (117
patients) of whom underwent PSMA PET/CT before bone scan-
ning. Although this observation is a true reflection of a real-world
scenario where bone scanning has been replaced by PSMA
PET/CT, this would unintentionally introduce a selection bias in
this study population.

Hope et al. were also masked to clinical and correlative imaging
information when interpreting bone scans and used planar imaging
only, with no category for equivocal scan interpretation, which is
far from the reality of modern imaging reporting. The retrospec-
tive nature of the study, inclusion of metastatic castration-resistant
prostate cancer patients, and known higher accuracy of PSMA
PET/CT than of bone scanning could have also potentially intro-
duced an unconscious bias into this study and the way bone scans
were interpreted compared with what was undertaken in the origi-
nal STAMPEDE trial (8). Finally, it is not clear how comfortable
the readers in this study were at interpreting planar bone scans
without SPECT/CT.

The dynamic landscape of prostate cancer imaging is witnessing
novel PSMA PET/CT agents replacing CT and bone scanning. Al-
though the accuracy of PSMA PET/CT findings is now accepted,
integrating these findings in clinical situations where the body of ev-
idence for treatment decision-making is based on conventional im-
aging remains an ongoing challenge. Further research is warranted
to elucidate these nuances and to ensure a seamless transition. Incor-
poration of PSMA PET/CT (or in broader terms, novel molecular

REDEFINING PROSTATE CANCER IMAGING  *

imaging techniques and tracers) in future clinical trials should
become mandatory. Additionally, efforts should be directed toward
standardization of PSMA PET/CT reporting, establishing it as the
new modern benchmark in future clinical trials and practice.
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The preoperative Gleason grade group (GG) from transrectal ultra-
sound—-guided prostate biopsy is crucial for treatment decisions but
may underestimate the postoperative GG and miss clinically signifi-
cant prostate cancer (csPCa), particularly in patients with biopsy GG1.
In such patients, an SUV o« Of at least 12 has 100% specificity for
detecting csPCa. In patients with an SUV 5« of less than 12, we aimed
to develop a model to improve the diagnostic accuracy of csPCa.
Methods: The study retrospectively included 56 prostate cancer
patients with transrectal ultrasound—guided biopsy GG1 and an SUV 5«
of less than 12 from 2 tertiary hospitals. All [F®Ga]Ga-PSMA-HBED-CC
PET scans were centrally reviewed in Xijing Hospital. A deep learning
model was used to evaluate the overlap of SUV,,.« (Size scale, 3cm)
and the level of Gleason pattern (size scale, 500 um). A diagnostic
model was developed using the PRIMARY score and SUV ., and its
discriminative performance and clinical utility were compared with other
methods. The 5-fold cross-validation (repeated 1,000 times) was used
for internal validation. Results: In patients with GG1 and an SUV,,,5« of
less than 12, significant prostate-specific membrane antigen (PSMA)
histochemical score (H-score) H-score overlap occurred among
benign gland, Gleason pattern 3, and Gleason pattern 4 lesions,
causing SUV,.x overlap between csPCa and non-csPCa. The model
of 10 X PRIMARY score + 2 X SUV o« exhibited a higher area under
the curve (AUC, 0.8359; 95% CI, 0.7233-0.9484) than that found
using only the SUV,.x (AUC, 0.7353; P = 0.048) or PRIMARY score
(AUC, 0.7257; P = 0.009) for the cohort and a higher AUC (0.8364;
95% Cl, 0.7114-0.9614) than that found using only the Prostate Imag-
ing Reporting and Data System (PI-RADS) score of 54 versus 3-1
(AUC, 0.7036; P = 0.149) and the PI-RADS score of 5-3 versus 2-1
(AUC, 0.6373; P = 0.014) for a subgroup. The model reduced the mis-
diagnosis of the PI-RADS score of 5-4 versus 3-1 by 78.57% (11/14)
and the PI-RADS score of 5-3 versus 2-1 by 77.78% (14/18). The inter-
nal validation showed that the mean 5-fold cross-validated AUC was
0.8357 (95% Cl, 0.8357-0.8358). Conclusion: We preliminarily suggest
that the model of 10 X PRIMARY score + 2 X SUV,,x may enhance
the diagnostic accuracy of csPCa in patients with biopsy GG1 and an
SUV o Of less than 12 by maximizing PSMA information use, reduc-
ing the misdiagnosis of the PI-RADS score, and thereby aiding in
making appropriate treatment decisions.
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The International Society of Urological Pathology Gleason
grade group (GG) before radical prostatectomy (RP) is a key fac-
tor in determining the appropriate treatment for prostate cancer
(PCa). Transrectal ultrasound (TRUS)-guided prostate biopsy is
the standard of care for obtaining preoperative GG (/). However,
this approach has the limitation that it can potentially underesti-
mate the true GG because of biopsy undersampling, leading to the
misclassification of clinically significant PCa (csPCa) as indolent
PCa, especially in patients with TRUS-guided biopsy GG1. Accord-
ing to a large-scale study with 17,598 cases, 55.7% of biopsy GG1
patients have experienced GG upgrading after RP (2). It is important
to differentiate between indolent PCa and csPCa to determine the
most appropriate treatment. Active surveillance is typically recom-
mended for patients with indolent PCa, whereas curative treatment is
the preferred option for csPCa (7). Therefore, multiple previous stud-
ies have attempted to identify csPCa patients using clinical and
biopsy GG parameters (3). However, studies with large sample sizes,
including 7,643 patients (4) and 10,089 patients (35), have concluded
that clinical and pathologic morphology information alone is insuffi-
cient to accurately predict csPCa. It is necessary to include additional
imaging or molecular information to improve the diagnostic perfor-
mance (6). Previous studies have reported that the Prostate Imaging
Reporting and Data System (PI-RADS) score had a diagnostic area
under the curve (AUC) of only 0.672-0.694 for detecting csPCa in
patients with biopsy GG1 (7,8). Consistent with this, the European
Association of Urology guideline pointed out that the MRI
PI-RADS score has low specificity in very low-risk patients, which
can result in a higher incidence of false-positive results and neces-
sitate further optimization (/).

In recent years, [°®Ga]Ga-PSMA-HBED-CC ([**Ga]PSMA)
PET/CT has gained recognition as a precise molecular imaging
approach for PCa detection (9). Studies have indicated that prostate-
specific membrane antigen (PSMA) intensity positively correlated
with GG (/0) and tumorigenic molecular events (/7). SUV ., can
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provide intraprostatic pathologic information and has the potential to
improve the performance of existing nomograms for identifying
csPCa. The PRIMARY study also demonstrated that an SUV,,,, of
at least 12 had 100% specificity for csPCa (12).

However, the problem with using SUV . for csPCa detection
among patients with biopsy GGl is the overlap of SUV.«
between csPCa (mainly GG2 through GG3) and non-csPCa
(benign prostate disease or GG1 PCa). This makes it difficult to
accurately detect csPCa among patients with biopsy GG1 and an
SUVax of less than 12 (/3). In addition, the diagnostic perfor-
mance of the PRIMARY score for patients with biopsy GG1 war-
rants further research. Therefore, the aim of this study was to
analyze the overlap of SUV ., (size scale, 3 cm) on Gleason pat-
tern (GP, the basic component of GG) level (size scale, 500 pm)
and develop a csPCa-predicting model based on both the SUV .«
and the PRIMARY score. This model aimed to improve the diag-
nostic accuracy of csPCa in patients with biopsy GGl and an
SUVax of less than 12. In addition, the quantitative relationship
among the PRIMARY score, SUV ., and csPCa risk was pre-
sented using a contour plot.

MATERIALS AND METHODS

Participants

We performed a retrospective review of 1,003 consecutive patients
who underwent [*®Ga]PSMA PET/CT from June 2017 to June 2022 at
Xijing Hospital and Nanjing Drum Tower Hospital in China. Patients
were included if they were suspected to have PCa on the basis of a
prostate-specific antigen test or digital rectal examination and under-
went [*®Ga]PSMA PET/CT. Patients were excluded if [*3Ga]PSMA
PET/CT was performed after pharmacotherapy or surgery, there was
an absence of biopsy GG information, the SUV ., was at least 12, the
biopsy result was not GG1, and there was an absence of RP GG infor-
mation. Ultimately, 56 patients were included in the analysis. The
institutional review board (Ethics Committees of Xijing Hospital,
Fourth Military Medical University) approved

Histopathologic Examination

All patients underwent TRUS-guided prostate biopsy and RP.
csPCa was diagnosed if malignancy of at least GG2 was present. All
pathologic results were reported according to the International Society
of Urological Pathology guideline (/7). The descriptions for the deep
learning model, immunohistochemistry analysis (/8,/9), and Interna-
tional Society of Urological Pathology grading system are provided in
the supplemental materials (Supplemental Table 2).

Statistical Analysis

In addition to basic descriptive statistics, a contour plot was used to
depict csPCa probability according to PSMA PET SUV,,,, and the
PRIMARY score. The methods for imputation of missing data (20),
model development, and subgroup analysis (2/-23) are provided in
the supplemental materials. All tests were 2-sided, and statistical sig-
nificance was set at a P value of less than 0.05. All statistical analyses
were performed using R (version 4.1.1; R Foundation for Statistical
Computing).

RESULTS

Baseline Characteristics

In total, 56 patients were included in the study (Fig. 1). The
baseline characteristics of these patients are shown in Table 1. The
mean time between [*®Ga]PSMA PET/CT examination and RP
was 13.4 d (range, 1-61 d).

Performance of PI-RADS Score in Discrimination Between
Non-csPCa and csPCa

MRI results were available for analysis for 47 of 56 (83.93%)
patients in the study. In contrast to biopsy GGI, indicating non-
csPCa, 51.06% (24/47; PI-RADS, 5-4) or 80.85% (38/47; PI-RADS,
5-3) of these patients had a positive PI-RADS result, indicating
csPCa (Supplemental Table 3). Furthermore, the false-positive
rate of the PI-RADS score ranged from 33.33% (8/24; PI-RADS,
54 vs. 3—1) to 44.74% (17/38; PI-RADS, 5-3 vs. 2-1), and the

this study, and all subjects signed a written

informed consent form.

PET Imaging Protocols and Image
Interpretation

Suspected PCa participants
received 8Ga-PSMA PET/CT
n=1,003

The [*3Ge]/[*3Ga] generator was from ITG
Co., and the PSMA-HBED-CC ligand was
from ABX Co. Patients were prepared and
PET images were acquired according to the
procedure guideline (Supplemental Table 1

[supplemental materials are available at http:// |

404 excluded

— %8Ga-PSMA PET-CT was performed after
pharmacotherapy or surgery (n = 274)
— Absence of biopsy GG information (n = 130)

jnm.snmjournals.org]) (14). All [*®*Ga]PSMA
PET/CT images were reviewed by 2 experi-
enced nuclear medicine specialists according
to the guideline (/5) in Xijing Hospital. The

Eligible PSMA PET participants
n =599

PRIMARY scores were evaluated according
to the previous PRIMARY study (/3).

MRI Acquisition Protocol and
Imaging Evaluation
The protocol consisted of TI1-weighted

A

543 excluded
SUVmax 212 (n = 268)
Biopsy result was not GG1 (n = 126)
Absence of RP GG information (n = 149)

imaging, T2-weighted imaging, and diffusion-
weighted imaging sequences. All MR images
were analyzed according to PI-RADS version

PCa participants included

n =56
2.1 (16) by 2 urologic radiologists. Interrater
agreement was evaluated with Cohen k and
associated 95% CL FIGURE 1. Flowchart of study design.
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TABLE 1
Demographic and Clinical Characteristics of 56 Patients Investigated in This Study

Baseline characteristic Entire cohort, n = 56

Xijing cohort, n = 42 Nanjing cohort, n = 14

Age (y) 67 (62, 70)
PSA at PET/CT (ng/mL) 9.28 (6.10, 14.71)
PV (mL) 41.02 (26.46, 58.95)
SUVax 5.50 (3.63, 7.66)
PRIMARY score (%)

1 5 (8.93)

2 15 (26.79)

3 7 (12.50)

4 29 (51.79)
RP ISUP GG (%)

Benign 0 (0)

GG1 30 (53.57)

GG2 21 (37.50)

GG3 3 (5.36)

GG4 2 (3.57)

GG5 0(0)
TRUS

Normal 28

Abnormal 28
DRE

Normal 26

Abnormal 30
PI-RADS score

1 3 (6.38)

2 6 (12.77)

3 14 (29.79)

4 14 (29.79)

5 10 (21.28)

65 (61, 70) 70 (67, 74)
9.66 (6.65, 15.18) 8.09 (5.86, 13.56)
39.49 (26.46, 52.02) 41.18 (27.85, 60.31)
4.86 (3.30, 6.44) 7.49 (6.43, 9.40)
4 (9.52) 1(7.14)
13 (30.95) 2 (14.29)
4 (9.52) 3 (21.43)
21 (50.00) 8 (57.14)

0 (0) 0 (0)
24 (57.14) 6 (42.86)
14 (33.33) 7 (50.00)
3(7.14) 0 (0)
1(2.38) 1(7.14)
0 (0) 0(0)
22 6
20 8
19
23
3 (9.09) 0 (0)
6 (18.18) 0 (0)
8 (24.24) 6 (42.86)
8 (24.24) 6 (42.86)
8 (24.24) 2 (14.29)

PSA, prostate-specific antigen; PV, prostate volume; ISUP, International Society of Urological Pathology; DRE, digital rectal

examination.

Qualitative data are number and percentage; continuous data are median and interquartile range.

false-negative rate ranged from 11.11% (1/9; PI-RADS, 5-3 vs.
2-1) to 26.09% (6/23; PI-RADS, 54 vs. 3-1). The AUC for
detecting csPCa was only 0.7036 (95% CI, 0.5703-0.8370;
PI-RADS, 5-4 vs. 3-1) and 0.6373 (95% CI, 0.5339-0.7407;
PI-RADS, 5-3 vs. 2—-1). Similar findings were reported in previous
studies (Supplemental Table 3) (7,8,24,25). In addition, Cohen k
for the MRI evaluation was 0.763 (95% CI, 0.544-0.982) for a
PI-RADS score of 5—4 versus 3—1 and 0.957 (95% CI, 0.875-1)
for a PI-RADS score of 5-3 versus 2—1. For the 5-point PI-RADS,
Cohen k was 0.786 (95% CI, 0.650-0.920).

Overlap of SUV,,,.x in Discrimination Between Non-csPCa
and csPCa

As shown in Figure 2, csPCa had a significantly higher SUV .
than that of non-csPCa (7.52 = 3.13 vs. 4.91 = 1.96, P = 0.002).
In addition, all lesions with an SUV ,,, of less than 2.9 (dashed
gray line) were non-csPCa, and all lesions with an SUV,,,, of

1752

greater than 9.2 (solid gray line) were csPCa. However, there was
an overlap of SUV,,,, between 2.9 and 9.2, which reduced the
diagnostic performance of SUV .. The GG of the index lesion (size
scale, 3cm) was composed of different ratios of GPs (size scale,
500 wm) (26). On the level of GP, we classified hematoxylin-eosin
tiles into benign gland, GP3, and GP4 by the deep learning model
(Supplemental Fig. 1) and found that the mean PSMA histochemical
scores (H-scores) of benign gland, GP3, and GP4 were 132.03
(%£29.80), 149.10 (£33.77), and 166.69 (£38.70), respectively
(Fig. 2). There were significant overlaps of PSMA H-scores among
tiles of benign gland, GP3, and GP4. Because of such overlaps, the
AUC of SUV,,1.x Was limited as 0.7353 (95% CI, 0.6006—0.8699).

Performance of PRIMARY Score in Discrimination Between
Non-csPCa and csPCa

A tumor located in the anterior apex region was easily underes-
timated because the prostate needle biopsy had difficulty reaching
into the anterior location in TRUS-guided biopsy, resulting in
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FIGURE 2. Overlap of SUV ., and overlap of PSMA intensity in patients with TRUS-guided biopsy GG1 and SUV . < 12. Distribution of [(2Ga]PSMA
PET/CT SUV,,ax demonstrated higher SUV,,,o« in csPCa than in non-csPCa. However, between values of 2.9 (dashed gray line) and 9.2 (solid gray line),
there was SUV,,x overlap between csPCa and non-csPCa. Subsequently, 56 patients’ index-lesion slides corresponding to SUV,,.x were selected and
made into 2 consecutive tissue sections. After this, 2 consecutive tissue sections were subjected to hematoxylin-eosin and PSMA immunohistochemis-
try staining and digital scanning. Resulting hematoxylin-eosin and PSMA images were segmented into 500 X 500 um tiles. Deep learning was used to
identify and cluster hematoxylin-eosin tiles, whereas PSMA tiles were matched with their corresponding hematoxylin-eosin tiles on basis of sample
name and spatial coordinates of 2 consecutive tissue sections. Finally, according to categories of hematoxylin-eosin tiles, PSMA tiles were correspond-
ingly labeled benign gland, GP3, and GP4 and randomly selected (n = 1,000 for each category) to calculate PSMA H-score using ImagedJ software
(National Institutes of Health). **P < 0.01 by Mann-Whitney test (overlap of SUV,4x) and Kruskal-Wallis test (overlap of PSMA intensity). ***P < 0.0001
by Mann-Whitney test (overlap of SUV,ax) and Kruskal-Wallis test (overlap of PSMA intensity). HE = hematoxylin-eosin.

prostatic evasive anterior tumors (27). In the current cohort, the
SUV,..x and PRIMARY score screened out 66.67% (2/3) and
100.00% (3/3) of prostatic evasive anterior cases, respectively. As
shown in Figure 3, the representative case was previously classi-
fied as indolent PCa (prostate-specific antigen, 4.56 ng/mL; biopsy
GGl1; 1/13 positive core) and would be recommended for active
surveillance on the basis of the guideline (/). Because of its PRI-
MARY score of 4 and SUV,,,,, of 10.1, RP was finally performed
and the RP pathologic result proved to be csPCa (at least GG2).
However, the AUC of the PRIMARY score was limited to
0.7256 (95% CI, 0.6159-0.8354). Its false-negative rate was 15%

in the PRIMARY score of 1-2 and its false-positive rate was 86%
and 25% in the PRIMARY scores of 3 and 4, respectively (Supple-
mental Fig. 2). It is necessary to develop a csPCa-predicting model
incorporating both the SUV,,,,, and the PRIMARY score to further
improve the diagnostic performance of [**Ga]PSMA PET/CT.

Development and Internal Validation of [*Ga]PSMA PET/
CT-Based Diagnostic Model
We developed a diagnostic model based on the PRIMARY
score (P = 0.010), TRUS imaging result (P = 0.045), and SUV ,2x
(P = 0.147), even though the SUV ., did not have a P value of
less than 0.05 in the multivariate logistic

analysis (Supplemental Table 4). The miss-
ing values were imputed (Supplemental
Fig. 3).

The PRIMARY scores were treated as
ordered categoric variables, whereas the
SUV ax Was treated as a continuous vari-
able. Restricted cubic spline functions of
the continuous variables showed SUV ,ax
can be modeled as a continuous linear
variable (nonlinearity, P = 0.2111). Fur-
thermore, in the subgroup analysis of the
peripheral zone and transition zone of the
study population, a linear relationship be-
tween SUV .« and csPCa risk was main-
tained (Supplemental Fig. 4). No interaction
terms were found by the interaction tests.
The coefficients for the PRIMARY score,

FIGURE 3. Representative case of prostatic evasive anterior tumor shown on [*®Ga]PSMA PET/CT
in axial, coronal, and sagittal views (from left to right). Representative case was previously underesti-
mated as indolent PCa on basis of TRUS-guided biopsy result (biopsy GG1 and 1/13 positive core).
[®8Ga]PSMA PET/CT (PRIMARY score, 4; SUVimax, 10.1) identified case as csPCa (RP GG2).

PSMA PET-BASED APPROACH PREDICTING cSPCaA  »

SUV hax, and TRUS imaging result were
calculated using logistic analysis and
multiplied by 10. Finally, 2 models were
developed.
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A Nomogram for predicting csPCa with **Ga-PSMA PET/CT-based
parameters in blopsy GG1 patients with SUVmax <12
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FIGURE 4. Relationships among SUV ., PRIMARY score, and csPCa
probability. (A) Nomogram of model of 10 X PRIMARY score + 2 X SUV jax
for individual csPCa prediction. (B) Contour plot of csPCa probability
according to 10 X PRIMARY score and 2 X SUV pax-

Model 1. Linear predictor = 10 X PRIMARY score + 2 X
SUViax- The coefficients were rounded to the nearest integer to
create a user-friendly model.

Model 2. Linear predictor = 8.4 X PRIMARY score + 1.7 X
SUVhax + 15.1 X TRUS. The coefficients were rounded to 1 dec-
imal to improve accuracy.

The Akaike information criterion and AUC values for models 1
and 2 are shown in Supplemental Table 5. Compared with model
1 (AUC, 0.8359), model 2 (AUC, 0.8615) only slightly improved
the Akaike information criterion and AUC values, with the TRUS

imaging result as the additional predictor (P = 0.367) (Supple-
mental Table 5). To develop an easy-to-use risk assessment tool,
model 1 was selected as the final model. A diagnostic model based
on these findings was created for individual csPCa risk assessment
(Fig. 4A). The relationship among the SUV,,,,,, PRIMARY score,
and csPCa probability was depicted in a contour plot (Fig. 4B).
The calibration plot indicated that the model had good calibration,
with a Hosmer-Lemeshow P value of 0.9115 and a Brier score of
0.162 (Supplemental Fig. 5). In internal validation, the mean 5-fold
cross-validated AUC (repeated 1,000 times) was 0.8357 (95% CI,
0.8357-0.8358).

Comparison of Diagnostic Performance of Model 1 and
Other Methods

The AUC of the model was significantly higher than that of the
SUVinax (0.8359 vs. 0.7353, P = 0.048) and PRIMARY score
(0.8359 vs. 0.7257, P = 0.009) (Table 2). As shown in Supplemen-
tal Figure 6A, decision curve analysis indicated that the net benefit
of the model was similar to that of the PRIMARY score at low-risk
thresholds (0%—40%). However, at high-risk thresholds (40%—90%),
the net benefit of model 1 was superior to that of other methods.
At a risk threshold of 50%, the difference of net benefit between
model 1 and the PRIMARY score was 0.143 (0.268—0.125). There-
fore, use of model 1 would lead to 14.3% (0.143/[0.50/0.50]) fewer
false-positive csPCa reports with no increase in the number of
false-negative csPCa reports compared with the PRIMARY score
(Supplemental Fig. 6A).

In the MRI subgroup, model 1 also outperformed the PI-RADS
score, with a higher AUC for a PI-RADS score of 54 versus 3—1
(AUC, 0.8364 vs. 0.7036; P = 0.149) and a PI-RADS score of 5-3
versus 2—1 (AUC, 0.8364 vs. 0.6373; P = 0.014) (Table 2) and
with greater net benefit (Supplemental Fig. 6B). Figure 5 dis-
plays 2 typical cases in which model 1 corrected misdiagnoses
in the PI-RADS score. Overall, model 1 reduced misdiagnoses
of PI-RADS (54 vs. 3—1) by 78.57% (11/14) and PI-RADS (5-3
vs. 2-1) by 77.78% (14/18) (Supplemental Table 6). Furthermore,
the discriminative performance and clinical utility of model 1 were
better in almost all subgroups (Supplemental Tables 7-10; Supple-
mental Figs. 7 and 8).

TABLE 2
Comparison of Performance and Discriminative Ability of Model 1 and Other Diagnostic Methods

Cohort Diagnostic method AUC AIC P value*

Entire cohort, n = 56 Model 1, cutoff value™ = 45.25 0.8359 (0.7233-0.9484) 60.46 —
SUVhax, cutoff value = 7.3 0.7353 (0.6006-0.8699) 68.68 0.048
PRIMARY score, 5-3 vs. 2-1 0.7257 (0.6159-0.8354) 68.00 0.009

MRI subgroup, n = 47 Model 1, cutoff value = 45.25 0.8364 (0.7114-0.9614) 52.02 -
SUVpax, cutoff value = 7.6 0.7555 (0.6112-0.8997) 56.68 0.127
PRIMARY score, 5-3 vs. 2-1 0.6918 (0.5678-0.8158) 60.82 0.002
PI-RADS score, 5-4 vs. 3-1 0.7036 (0.5703-0.8370) 60.96 0.149
PI-RADS score, 5-3 vs. 2-1 0.6373 (0.5339-0.7407) 62.54 0.014

*Difference compared with model 1.

TCutoff value corresponding to highest level of accuracy (minimal false-negative and false-positive results) for model 1 and SUV pax.

AIC = Akaike information criterion.
AUC data in parentheses are 95% ClI.
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based on the level of GP (size scale,
500 pm); and enhances the diagnostic accu-
racy of csPCa by developing a predictive
model based on PSMA PET parameters for
patients with biopsy GG1 and an SUV .«
of less than 12.

The European Association of Urology
guideline recommended routine MRI for
suspected PCa patients. PI-RADS demon-
strated adequate diagnostic accuracy for
csPCa detection, with pooled sensitivity of
0.91 (95% CI, 0.83-0.95) and specificity
0f 0.37 (95% CI, 0.29-0.46) (1). However,
the guideline highlighted that MRI in very
low-risk patients could lead to more false-
positive reports because of low specificity.
In this study, 33.33% (PI-RADS, 54 vs.
3-1) or 44.74% (PI-RADS, 5-3 vs. 2-1)
of reports were false-positive. Previous

studies reported similar false-positive rates
of 25.87%-39.33%. Meanwhile, the false-
negative rates in this study and prior research
were between 11.11% and 54.65% (7,8).
In addition, in this study, despite biopsy
GG1 suggesting non-csPCa, 51.1% (PI-
RADS, 5-4) and 80.85% (PI-RADS, 5-3)
of patients had positive PI-RADS scores,
indicating csPCa. Similarly, recent studies
have reported that the positive rate of PI-
RADS ranged from 13.21% to 50.71% in
patients with biopsy GG1 (24,25). Because

misdiagnoses of the PI-RADS score could
lead to inappropriate treatment decisions,
improving the diagnostic performance for
csPCa in patients with biopsy GGl was
essential.

[°8Ga]PSMA PET/CT is useful for eval-
uating the entire prostate, identifying the
location of lesions, and providing addi-

FIGURE 5. Correction of misdiagnoses by model 1. (A) Patient with PI-RADS score of 3, biopsy
GG1, PRIMARY score of 4, SUV .« of 5.5, and positive model 1 score of 51 (~60% csPCa probabil-
ity). Lesion pointed at with arrow was missed by MRI but was detected by PRIMARY score and
model 1. Postoperative pathology confirmed csPCa (GG2). (B) Patient with PI-RADS score of 4, PRI-
MARY score of 3, SUV,ax Of 6.26, and negative model 1 score of 42.52 (~40% csPCa probability).
Lesion pointed at with arrow was identified as csPCa by PI-RADS score and PRIMARY score but
was suggested as non-csPCa by model 1. Postoperative pathology confirmed non-csPCa (type of
benign prostatic disease called atypical adenomatous hyperplasia). ADC = apparent diffusion coeffi-

cient; DWI = diffusion-weighted imaging; HE = hematoxylin-eosin.

DISCUSSION

In a cohort of 56 patients with TRUS-guided biopsy GG1 and a
[®3Ga]PSMA PET/CT SUV,,.« of less than 12, we developed and
internally validated the model of 10 X PRIMARY score + 2 X
SUVax to predict the probability of csPCa with better diagnostic
performance than the PRIMARY score, SUV .\, and PI-RADS
alone. The current study visualizes the relationships among the
SUVimax» PRIMARY score, and csPCa probability with a contour
plot; analyzes SUV,,,x overlap among patients (size scale, 3 cm)

PSMA PET-BASED APPROACH PREDICTING cSPCaA  »

tional pathologic information in the early
stage of disease. This method may be par-
ticularly helpful in addressing the diag-
nostic challenges of TRUS-guided biopsy.
Therefore, it is necessary to incorporate
[*®Ga]PSMA PET/CT parameters in the
csPCa-predicting model for patients with
TRUS-guided biopsy GGI1. In previous
research, a positive correlation had been
found between SUV,,, and GG (10). A
study that reviewed 419 patients with
biopsy results of no more than GG2 dem-
onstrated that only 10% of cases with an SUV,,,, of no more than
5 were upgraded compared with 90% of cases with an SUV ,, of
more than 11 (28). However, SUV,,,,, alone may not be sufficient
for detecting csPCa in the current population because of significant
overlap of SUV,,,x among patients with GG2 through GG3 and
GG1 or benign (/3). The GG was reported on the basis of the
whole tumor lesion (size scale, 3 cm) via the microscopic exami-
nation by pathologists, and the whole tumor lesion was com-
posed of different ratios of benign prostate tissue, GP3, GP4,
and Gleason pattern 5 tiles (size scale, 500 wm) (Fig. 2) (26).
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On the GP level, we found significant overlap of PSMA H-scores
among the tiles of benign gland, GP3, and GP4, resulting in the
overlap of SUV,,,, between patients with GG2 through GG3 and
GGl or benign.

The anterior apex region often contains csPCa, but taking a
TRUS-guided biopsy sample of this region can be painful and
challenging because of its location. If not adequately sampled, it
can lead to prostatic evasive anterior csPCa and GG upgrading
(27). We found the PRIMARY score is effective in identifying
such prostatic evasive anterior csPCa. However, further optimiza-
tion is needed for the PRIMARY score method in csPCa detection.
In patients with biopsy GG1, the false-positive rate of the PRI-
MARY scores (scores 3 and 4) was 38.5% (20/52) in the PRI-
MARY study (/3) and 43.3% (13/30) in the current study. In
addition, the false-negative rate of the PRIMARY scores (scores 1
and 2) was 11.5% (3/26) in the current study.

Considering that the SUV,,,, and PRIMARY score represent
the level and anatomic location of PSMA expression, respec-
tively, a comprehensive model is crucial for csPCa prediction
instead of relying solely on either factor. As a result, we intro-
duced a user-friendly model that integrates both the SUV .« and
the PRIMARY score, maximizing PSMA information use and
ultimately improving diagnostic accuracy for csPCa in patients
with biopsy GG1.

Previous studies have suggested that the combined use of
PSMA PET SUV,.« and PI-RADS can accurately identify
csPCa and potentially allow a biopsy-free strategy for specific
patients (12,29). Similarly, when our model was used as a com-
plementary diagnostic approach with PI-RADS, misdiagnosis
was reduced.

This study had limitations, such as including only biopsy GGl
patients who underwent RP, which could introduce participation
bias. PSMA PET/CT examinations were typically performed on
patients with positive results from other tests, potentially causing
verification bias and enhancing sensitivity of PSMA PET/CT-
based parameters. In addition, the sample size remains small for
developing a nomogram. To address this limitation, a prospective
study or external validation is needed to confirm the conclusions
of the current study.

CONCLUSION

This study preliminarily suggests using the model of 10 X PRI-
MARY score + 2 X SUV,.« as a complementary diagnostic
approach to PI-RADS for assessing csPCa risk. The approach can
maximize the use of PSMA information and correct the misdiag-
nosis of the PI-RADS score, ultimately improving the diagnostic
accuracy of csPCa and assisting in making appropriate treatment
decisions.
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KEY POINTS

QUESTION: How can we improve csPCa diagnostic accuracy in
patients with biopsy GG1 and an SUV .« of less than 12 to reduce
the risk of inappropriate treatment decisions?

PERTINENT FINDINGS: In this patient group, the PI-RADS
score demonstrated modest discriminative ability with an AUC
of 0.704 (PI-RADS 5-4 vs. 3-1) and 0.637 (PI-RADS 5-3 vs. 2-1).
A multicenter retrospective study led to a predictive model for
csPCa, termed “10 X PRIMARY score + 2 X SUVax,” Which
outperformed individual SUV,.x, PRIMARY score, and PI-RADS
score, fully exploiting the advantages of both the SUV,,.«x and the
PRIMARY score.

IMPLICATIONS FOR PATIENT CARE: The model can

identify misdiagnosis in PI-RADS score results, prompting
clinicians to take necessary actions for accurate diagnosis and
facilitating the selection of appropriate treatment decisions, such
as RP to avoid delayed treatment or active surveillance to prevent
overtreatment.
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Prediction of Response to '"’Lu-PSMA Therapy Based on
Tumor-to-Kidney Ratio on Pretherapeutic PSMA PET/CT
and Posttherapeutic Tumor-Dose Evaluation in mCRPC

Melanie Hohberg, Manuel Reifegerst, Alexander Drzezga, Markus Wild, and Matthias Schmidt

Department of Nuclear Medicine and Cancer Center Cologne, University Hospital of Cologne, Cologne, Germany

The aim of this study was to analyze the absorbed dose of '’Lu-PSMA
in osseous versus lymphatic metastases in patients with metastatic
castration-resistant prostate cancer across therapy cycles and to
relate those data to therapeutic success. In addition, pretherapeutic
prostate-specific membrane antigen (PSMA) PET/CT was evaluated
for its ability to predict response behavior. Methods: The study
comprised 30 patients with metastatic castration-resistant prostate
cancer, each receiving at least 3 cycles of '7"Lu-PSMA therapy.
Prostate-specific antigen (PSA) values between baseline and 6 wk
after the third therapy cycle were used to classify the patients as
responders (PSA decline = 50%) or nonresponders (unchanged
or increasing PSA level). Quantitative SPECT/CT images were
acquired 24, 48, and 168h after application of '"Lu-PSMA. The
absorbed dose for tumor lesions was calculated with dosimetry
software. From the pretherapeutic PET/CT scan, the tumor-to-
kidney uptake ratio was determined for different SUVs. Results:
Regardless of patient response, the kidneys received a mean dose
of 0.55+0.20Gy/GBq per cycle. In the first therapy cycle, the
lymph node lesions received a mean dose of 3.73 = 1.65 Gy/GBq in
responders and 1.86 = 1.25 Gy/GBq in nonresponders (P < 0.01). For
bone lesions, the respective mean doses were 3.47 = 2.00 Gy/GBq
and 1.48 = 0.95 Gy/GBq (P < 0.01). When successive therapy cycles
were compared, the mean dose was found to have been reduced
from the first to the second cycle by 27% for lymph nodes and
by 33% for bone lesions. A significant difference (P < 0.01) in the
ratio of lymph node and bone lesion uptake to kidney uptake
between responders and nonresponders could be deduced from
the pretherapeutic PET/CT scan. Conclusion: Significantly higher
doses were achieved for lymph node and bone lesions in responders.
The highest absorbed dose, for both lymphatic and osseous lesions,
was achieved in the first cycle, decreasing in the second therapy
cycle thereafter despite unchanged therapy activities. It may be pos-
sible to estimate the response to therapy from the ratio of tumor
uptake to kidney uptake obtained from the pretherapeutic PSMA
PET/CT scans.
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prostate cancer
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Peptide radioligand therapy with prostate-specific membrane
antigen (PSMA) ligands is now accepted for the treatment of
metastases of advanced, castration-resistant prostate cancer for
which both hormonal therapy and chemotherapy are no longer
effective (/,2). To date, the treatment has been found to deliver
good results with low side effects. Various clinical studies have
shown that tumor growth can be slowed or tumor size greatly
reduced with the help of radioligand therapy (3—9). The therapy is
able to reduce the tumor load, thus lowering the prostate-specific
antigen (PSA) level, and also to reduce pain, thereby significantly
improving the patient’s quality of life. However, experience has
shown that although some patients respond well to !7’Lu-PSMA
therapy, others respond poorly. The key may lie in individual dif-
ferences in the degree to which the tracer accumulates in tumor
lesions and hence differences in the absorbed tumor dose. A possi-
ble correlation between tumor dose and therapy outcome has
already been explored in several papers (/0—12). However, differ-
ent methodologic approaches were taken. For example, some stud-
ies distinguished between responders and nonresponders but not
between the different types of metastatic lesions, that is, lymph
node or osseous involvement. In other studies, a distinction was
made between lymph node and osseous metastases, but the patient
group was not divided into responders and nonresponders. The
aim of this work was to combine both approaches. The patients
were divided into responders and nonresponders according to their
response to therapy, as reflected in PSA decline, and at the same
time differences between lymph node and bone lesions were eval-
uated. The correlation of tumor dose and therapy outcome is of
course important, but even more valuable would be to predict the
likelihood of response before radioligand therapy by means of a
marker. This study investigated whether pretherapeutic PSMA
PET/CT imaging could be used to predict therapy response (and
hence the course of therapy).

MATERIALS AND METHODS

Study Population

Between March 2020 and February 2022, 30 patients with meta-
static castration-resistant prostate cancer were enrolled in our study
and underwent at least 3 cycles of '7’Lu-PSMA therapy ('’’Lu-
PSMA-I&T).

All patients had undergone radical prostatectomy before '"’Lu-PSMA
therapy. Patients with a good treatment response received up to 6 cycles.
Sufficient PSMA avidity for therapy was defined on '*F-PSMA-7 or
%8Ga-PSMA PET/CT before the therapy. To minimize renal toxicity due
to impaired renal function or excretory problems, **™Tc-mercaptoacetyl-
triglycine scintigraphy was performed before every therapy cycle.
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This study was conducted in accordance with the requirements of
the Institutional Review Board. All patients gave written informed
consent to receive PSMA PET/CT and radioligand therapy and imag-
ing and to have their data included in a retrospective analysis. All pro-
cedures were performed in compliance with the regulations of the
responsible local authorities (District Administration of Cologne,
Germany).

Radiotracer

Pretherapeutic Imaging. Pretherapeutic PET imaging was performed
using '8F-PSMA-7 (F-JK-PSMA-7) or *Ga-PSMA (®*Ga-PSMA-
HBED-CC). The preparations of both tracers have been described previ-
ously (13,14). |)F-PSMA-7 or ®*Ga-PSMA was administered to patients on
a weight-adjusted basis of 5.0 MBg/kg and 2.5 MBg/kg, respectively.

Therapy. High-purity lutetium chloride (*’’LuCl;) was obtained
from ITG, and PSMA-I&T was purchased from ABX. '”’Lu-PSMA-
1&T was synthesized and labeled according to a previously published
protocol (/5). Patients received a mean activity of 7,209 = 379 MBq
of 17"Lu-PSMA-I&T for each therapy cycle.

Acquisition and Image Reconstruction

All PET/CT scans were obtained on a Biograph mCT device (mCT
128 Flow Edge; Siemens). Imaging started with a low-dose none-
nhanced CT scan (120 kV, tube current modulation, pitch of 1.2, slice
thickness of 5.0 mm) for attenuation correction followed by a whole-
body PET scan from the base of the skull to the mid thigh. Reconstruc-
tion was conducted with an ordered-subset expectation maximization
algorithm with 4 iterations and 12 subsets and gaussian-filtered to a
transaxial resolution of 5 mm in full width at half maximum.

Quantitative SPECT/CT images (xSPECT; Siemens) were acquired
at 24, 48, and 168 h after application of 7’Lu-PSMA-I&T on a Sym-
bia Intevo Bold system (Siemens). The same time points were chosen
for each therapy cycle. If no lesions in the head region were of interest
for dosimetry, images of the thorax and abdomen were acquired at 2
bed positions. For attenuation correction, a low-dose CT scan (110
kV, 30 mAs, pitch of 1.5, slice thickness of 3.0 mm) was acquired
alongside each SPECT scan. The SPECT images were reconstructed
with an ordered-subset conjugate gradient maximization algorithm.
For quantitative imaging, the device was regularly calibrated for !”’Lu
according to the manufacturer’s protocol.

Image Evaluation

Radiation dosimetry was performed using dosimetry software
(MIM SurePlan MRT; MIM Software). Lesions were contoured on
the first SPECT scan of each cycle using a gradient-based segmenta-
tion algorithm (PET Edge+; MIM Software). Once the user clicks
anywhere within the region of interest, the algorithm begins to move
outward, like a balloon slowly expanding. As the balloon expands, the
algorithm is checking the gradient of the proposed contour until it
reaches the optimal condition. The accuracy of the PET Edge+ tool
has already been verified for PET imaging in other studies (/6,17). A
maximum of 5 lymph node lesions or 5 bone lesions per patient that
were visually suggestive of prostate cancer metastases were counted
and analyzed. Lesions with a volume smaller than 10 cm® were not
considered. In addition to the lesions, the kidneys were automatically
segmented on the first CT image, using an artificial intelligence algo-
rithm (Contour Protégé AI; MIM Software). Lesions and the kidneys
were resegmented for each therapy cycle in the same way. All SPECT
and CT datasets were automatically coregistered by multiple local
rigid registrations for each region of interest. The spatially aligned
images are then used to calculate time-activity curves and the
absorbed doses. The MIM Software provides a voxel-by-voxel curve
fitting and integration. Curves are fitted by minimizing the squared
differences between the curve from the selected function and the
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observed data points. The curve-fitting options are trapezoid plus
exponential, monoexponential, biexponential, biexponential (fixed sec-
ond M), biexponential (forced zero at uptake time 0), and automatically
determined, which finds the best fitting model from the monoexponen-
tial and biexponential options. The metric used to evaluate each equa-
tion is the Akaike information criterion, which evaluates the loss of
information when a model is used to approximate the true distribution.
The lowest Akaike information criterion value corresponds to the low-
est information loss, and the model with the lowest Akaike informa-
tion criterion is chosen on a voxel-by-voxel basis. The automatically
determined curve fitting was selected in each case. The calculation of
absorbed dose is based on the voxel S-value convolution method
according to MIRD pamphlet 17. The voxel S-value convolution ker-
nel was derived from Monte Carlo simulations with MCNP 6.2.2. The
voxel S-value convolution kernels are simulated assuming the density
of water for the MIRD 17 kernels. Therefore, a correction is necessary
for tissues with heterogeneous densities. The absorbed dose map was
corrected for physical density by applying a physical density map
derived from the CT scan, with Hounsfield units being mapped to
physical density values using a bilinear fit curve. The Hounsfield units
are derived by scanning a CT density phantom using the same CT pro-
tocol as will be used for the SPECT/CT image acquisition. The result-
ing dose maps are divided by the physical density map, providing a
density-corrected absorbed dose calculation.

Time-activity curve and dose volume histograms were calculated
for all segmented structures on a voxel-based level. The same lesions
and the kidneys were segmented on the corresponding pretherapeutic
PET/CT scans. From these segmented structures, the mean ratio of
lesion uptake to kidney uptake was calculated for SUV,x, SUV ear,
SUVmean> and SUV pedian-

An in-house workflow was created to calculate the total tumor bur-
den (TTB) and the distribution to lymph nodes and bone lesions for
each patient. In this workflow, a bone mask containing the entire bone
volume of the patient is generated on the CT scan. Using the PET
Edge+ tool, all lesions larger than 10 cm® are segmented. The bone
mask is used to separate the bone lesions from the lymph nodes. At
the same time, all segmented standard organs are also separated from
the TTB.

For all segmented lesions, partial-volume correction was based on 2
phantom measurements with the National Electrical Manufacturers
Association—International Electrotechnical Commission PET body
phantom. During the first measurement, all 6 spheres (diameters of 10,
13, 17, 22, 28, and 37 mm) were filled with an activity concentration
of 1.35 MBq of '”’Lu-PSMA per milliliter at a sphere-to-background
ratio of 10:1. In a second measurement, the same activity concentra-
tion and sphere-to-background ratio were used for a 60-mm-diameter
sphere. These measurements also served to evaluate the PET Edge+
tool for SPECT imaging. Calculation of recovery coefficients was
based on the segmented and nominal activity in each sphere (/8). The
recovery curve was fitted to apply them to arbitrary volumes. Partial-
volume correction was also applied for the kidneys.

The corresponding phantom measurements were also performed on
the PET/CT scanner for '°F and ®®Ga at an activity concentration of
20 kBg/mL.

Response Assessment

Biochemical response assessment was based on PSA levels accord-
ing to previously described protocols (/9). Response was defined as a
PSA decline of at least 50% and nonresponse as an unchanged PSA
level or an increasing level. Baseline for the PSA value was acquired
on the day of therapy or the day before. The last PSA value considered
was 6 wk after the third therapy or on the day of the fourth therapy if
this had taken place.
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TABLE 1
Patient Characteristics (n = 30)

Activity (MBq)

Parameter Age (y) Weight (kg) Initial PSA (n.g/L) First cycle Second cycle Third cycle
Mean 72.4 81.4 315 7,209 7,191 7,128
SD 7.56 15.9 466 379 537 536
Range 56-87 60-169 7-2,480 6,463-8,009 6,107-8,263 6,014-7,805

Statistical Analysis

The software package SPSS Statistics 29 (IBM) was used for statis-
tical analysis. The mean absorbed doses in lymph node and bone
lesions were compared between responders and nonresponders using a
Mann—Whitney U test. Furthermore, the ratio of lesion to kidney
uptake was compared between responders and nonresponders. Differ-
ences in absorbed dose among the 3 cycles of therapy were examined
using a Wilcoxon test matched-pair signed-rank test. The Kolmogo-
rov—Smirnov test and the Shapiro-Wilk test were used to test for
normality of the distributions. A P value of less than 0.05 was consid-
ered statistically significant. All data are expressed as the mean and
related SD.

RESULTS

The patients had an average age of 72y (range, 56-87y) and an
average weight of 81 kg (range, 60—169 kg). The initial PSA value
ranged from 3 to 2,480 p.g/L. The mean time between the prether-
apeutic PSMA PET/CT and the first radioligand therapy cycle was
34 d (range, 5-90 d). Follow-up analysis revealed no evidence of
kidney, liver, or bone marrow toxicity between any 2 cycles of
therapy in any patient. Patient characteristics are summarized in
Table 1. Detailed information on treatments before the first ther-
apy, as well the TTB and distribution among lymph nodes and
bone lesions, is presented in Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org). The change
in PSA value with each cycle of therapy for each patient is listed
in Supplemental Table 2.

Partial-Volume Correction
Results and details on the partial-volume correction and evalua-
tion of the PET Edge+ tool for SPECT imaging can be found in

Supplemental Tables 3 and 4. Furthermore, the recovery coeffi-
cient curve can be found in Supplemental Figure 1.

Kidney Dosimetry

The mean absorbed kidney dose did not differ significantly
(Z = —0.73; P = 0.47) between responders (0.53 = 0.21 Gy/GBq)
and nonresponders (0.56 = 0.20 Gy/GBq), nor did it change signif-
icantly between the separate therapy cycles (Z = —0.69; P =
0.44). All results for the individual therapy cycles are presented in
Table 2 and Supplemental Table 5.

Dosimetry for Lymph Node and Bone Lesions

In total, 77 suggestive lesions were analyzed, including 37
lymph node lesions and 40 bone lesions. The number of lesions
was evenly distributed between responders and nonresponders.
Individual tumor volumes used for analysis are summarized in
Supplemental Table 6.

In the first therapy cycle, the responders received a mean dose of
3.73 = 1.65 Gy/GBq for lymph node lesions and the nonresponders
1.86 £ 1.25Gy/GBq. For the second therapy cycle, the mean
absorbed dose for lymph nodes was reduced to 2.73 = 1.48 Gy/GBq
for responders and to 1.81 = 1.45 Gy/GBq for nonresponders. In the
third cycle, the dose dropped to 2.71 = 1.55 Gy/GBq for responders
and to 1.74 £1.55Gy/GBq for nonresponders. The difference
between the first and second therapy cycles and between responders
and nonresponders was significant (P < 0.01).

A similar pattern was found for bone lesions in responders
and nonresponders. In the first cycle, a mean dose of 3.47 =
2.00 Gy/GBq was achieved for osseous metastases in responders,
compared with a mean dose of 1.48 = 0.95 Gy/GBq in nonrespon-
ders. In the second and third cycles, responders received mean
doses of 2.32+0.96 Gy/GBq and 1.73 +0.79 Gy/GBq, respec-
tively, whereas nonresponders received 1.31 = 0.91 Gy/GBq and
1.31 £ 0.94 Gy/GBgq, respectively. The difference between the first

% and second therapy cycles and between responders and nonrespon-
ders was significant (P < 0.01).
50 =+
:9:: . Responder Nonresponder TABLE 2
o T Results for Mean Kidney Dose Divided into Responder and
Q -
E w0 Nonresponder
£
o
2 5 s Mean dose (Gy/GBaq)
T Parameter First cycle Second cycle Third cycle
10 J_ - —
’:—I Responder 0.58+0.21 0.55*0.22 0.56=*0.12
0 o ond oy B ey Nonresponder 0.56 +0.20 0.57 £0.18 0.55*0.12
z —-0.73 —0.68 —0.61
FIGURE 1. Mean dose for lymph node lesions differentiated between P 0.47 0.45 0.43

responders and nonresponders over 3 therapy cycles.

1760

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11 « November 2023



&0

2

T Responder Nonresponder

-
=

Absorbed dose (Gy)
g
|
1

(%]
=

10 l T T

o 5
1st 2nd  3rd cycle st 2nd  3rd cycle

FIGURE 2. Mean dose for bone lesions differentiated between respon-
ders and nonresponders over 3 therapy cycles.

Over the course of the therapy cycles, the dose for responders
decreased with each cycle, but only between the first and second
cycles was the difference statistically significant (P = 0.001 for
lymph nodes and P = 0.003 for bone lesions). There were no signif-
icant differences in absorbed dose between the second and third
cycles for responders (P = 0.126 for lymph nodes and P = 0.220
for bone lesions). In nonresponders, the absorbed dose also
decreased with each cycle of therapy, but none of the declines in
dose was statistically significant (P > 0.400). Similar to the
decrease in dose, the residence time also decreased with each subse-
quent therapy cycle. Again, significant differences were observed
only between the first and second cycles (P < 0.01). Regardless of
whether one considers lymph nodes or bone lesions in responders,
the residence time halved from the first to the second therapy cycle.
This halving of the residence time was not seen in nonresponders.
However, the mean residence time in nonresponders was already
45% lower in lymph nodes and 54% lower in bone lesions in the
first therapy cycle. An overview of the results is presented in
Figures 1 and 2 and in Supplemental Tables 7-9.

In addition to the achieved dose, the TTB also changed over the
course of therapy cycles. In patients who responded to therapy, the
TTB decreased by 52.3% = 4.7% on average. In the group of non-
responders, the TTB decreased less or even increased again over-
all. With regard to only the tumor volume of the lesions
considered for dosimetry, responders were found to have a mean
decrease of 54.5% and nonresponders a mean decrease of 30.8%.
Already-treated lesions appeared to diminish in nonresponders

while new lesions appeared. The corresponding data are given in
Supplemental Table 10.

Ratio of Tumor to Kidney Uptake in Pretherapeutic
PET/CT Scan

This evaluation was based on a total of 19 scans with 'SF-
PSMA-7 PET/CT and 11 with **Ga-PSMA PET/CT.

Kidney uptake measured as SUVyax, SUVpea, SUVinean, and
SUVinedian Was equal in responders and nonresponders. On average,
the SUVs for °*Ga were 36% higher than those for 'F, but this
applied to the kidneys and lesions alike. Detailed information on the
individual SUVs for ®*Ga and '8F is shown in Supplemental Table 11.

The pretherapeutic PSMA PET/CT was acquired on average
1 mo (mean, 30.6 £ 10.4 d) before the first therapy cycle. There was
a significant difference (P < 0.01) in the ratio of tumor-to-kidney
uptake between responders and nonresponders. This difference
applied to both lymph node and bone lesions. Uptake in lesions was
about a factor of 2 higher than kidney uptake in responders (P <
0.01). The ratio of tumor uptake to kidney uptake correlated with
the mean dose between responders and nonresponders. The mean
dose was also 2 times higher for responders than for nonresponders.
Again, this applied to lymph node and bone lesions in the same
way. For the tumor-to-kidney uptake ratio, similar values were
obtained, regardless of whether SUV i, SUViay, SUVinean, OF
SUV edian Was used for the calculations. All results are summarized
in Tables 3 and 4. Figures 3 and 4 show results from a responder
and a nonresponder, respectively, including the tumor-to-kidney
uptake ratio and the decrease or increase in TTB.

DISCUSSION

Three main findings emerged from the study: responders to
77Lu-PSMA therapy achieved higher absorbed doses than nonre-
sponders, absorbed doses decreased over the 3 therapy cycles, and
tumor-to-kidney uptake ratio may serve as a parameter to identify
potential responders on a pretherapeutic PSMA PET/CT scan.

The mean kidney dose did not differ significantly between respon-
ders and nonresponders, a total kidney dose of 0.55 = 0.20 Gy/GBq
being measured in both groups. The calculated mean dose for the kid-
neys was comparable to previously published data (10,20-22). A
threshold dose for the human kidneys (20Gy) would thus be
exceeded only after more than 6 therapy cycles (23). Partial-volume
correction for the kidneys was based on the largest sphere, which
does not correspond to the anatomic shape of the kidneys. This repre-
sents a limitation of the kidney dose thus determined.

TABLE 3
Mean Dose for Lymph Node Lesions and Corresponding Lesion-to-Kidney Ratio

Lesion-to-kidney ratio

Parameter Mean dose, first cycle (Gy/GBq) SUVpeak SUVinean SUVinedian SUVnax
Responder 3.73+1.65 1.59+0.73 1.57 =0.58 1.44 +0.57 1.58 +0.71
Nonresponder 1.86 = 1.25 0.74 +0.47 0.85+0.43 0.78 £ 0.39 0.80 =0.58
Ratio* 2.00 2.14 1.85 1.83 1.97

V4 —2.71 —4.75 —4.20 —4.75 —-4.75

P <0.01 <0.01 <0.01 <0.01 <0.01

*Responder to nonresponder.
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TABLE 4
Mean Dose for Bone Lesions and Corresponding Lesion-to-Kidney Ratio

Lesion-to-kidney ratio

Parameter Mean dose, first cycle (Gy/GBq) SUVpeak SUVinean SUVinedian SUVnax
Responder 3.47 =2.00 1.62 +0.79 1.59 = 0.62 1.44 = 0.61 1.61+0.78
Nonresponder 1.48 =0.95 0.60 =0.35 0.79+0.44 0.71 =0.39 0.78 £0.40
Ratio* 2.34 2.68 2.01 2.03 2.05

A —4.05 -5.18 —4.63 -5.10 —4.63

[® <0.01 <0.01 <0.01 <0.01 <0.01

*Responder to nonresponder.

Other studies reported similar mean tumor doses (/2) and higher
tumor doses (1) for "’Lu-PSMA-617. A direct comparison of our
findings with those obtained in previous studies is not feasible
because of the differing procedures and software products used. Fur-
thermore, the composition of the study groups varied: some authors
distinguished responders from nonresponders (10,11), others charac-
terized only lymph node or bone lesions (/2), and in one study only
the course of the mean dose over several cycles was analyzed (24).

Our results for lymph node and bone lesions contrast with previ-
ous findings (/2) in which no difference in absorbed doses was
evident between the first and second therapy cycles. However, the
focus there was on very small lesions less than 1 cm’. Further-
more, different activities were administered in the first (3 GBq)
and second (6 GBq) therapy cycles, thus potentially compensating for
a decrease in absorbed dose in subsequent cycles. Our data actually
suggest the opposite, namely that patients might well benefit from a

higher activity administered in the first cycle

Total Tumor Burden 1,623 mL
TLG 28,287 SUVbw * mlL

(W

Total Tumor Burden 503 mL
TLG 5,223 SUVbw * mL

since the absorbed dose was found to
decrease significantly from the first to the
a0 second cycle of therapy. A similar decrease
in tumor dose over successive therapy cycles
was observed by Okamoto et al. (24). Our
. data suggest that the observed decrease in
absorbed dose may be related to a decrease
in residence time. It remains unclear whether
this decrease may be due to reduction or
; damage of PSMA receptors by the initial
i therapy. No further dose decrease could be
observed between the second and third
cycles. Rather, the dose achieved remained
constant in both responders and nonrespon-
ders. Whether this also applies to subsequent
therapy cycles will be investigated in a fur-
ther study.

In our study, no distinction was made
between unchanged PSA level and PSA
increase. Defining an unchanged PSA value
as the initial PSA value = 10% deviation,
we found that 50% of nonresponders belong
to this group. This, too, may have influenced
our measure of further disease progression.

Compared with other studies, only 3
measurement points were chosen for
dosimetry. However, this number should
be sufficiently accurate, as results with a
root-mean-squared error below 10% have
already been achieved in other studies with
only one late measurement point (25, 26).

The lesion-to-kidney ratio based on the

FIGURE 3. Results from one responder. (A-C) PET/CT imaging before first therapy cycle. (D-F)
PET/CT imaging after 2 therapy cycles. (C and F) Maximum-intensity projections together with TTB
and TLG. Lesions with SUV < 3.5 were not included. SUV,,,, = standardized uptake value based on

body weight.
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pretherapeutic PSMA PET/CT scan revealed
a significant difference between responders
and nonresponders. This difference was also
reflected in the tumor dose reached and the
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Total Tumor Burden 139 mL
TLG 2,393 SUVbw * mL

£4h

& significant difference
L 4

Total Tumor Burden 259 mL
TLG 2,734 SUVbw * mL

in tumor lesions was higher than 10 for
responders and nonresponders.

ke So far, the response evaluation has been
N based on only biochemical response, with no
long-term follow-up or survival data. Some
patients reported here received up to 6 cycles.
For now, the number of these patients is still
too small for a valid statistical evaluation.
However, even in this small group, a few
tendencies are emerging for further treatment
response, which will also be investigated
together with overall survival in the future.

CONCLUSION

In lymph node and bone lesions, a sig-
nificantly higher dose is absorbed in
responders than nonresponders during the
course of radioligand therapy with !”’Lu-
Vo PSMA-I&T. This difference is also

'. reflected in the therapeutic success. The
absorbed dose was highest in the first cycle
and then decreased significantly in the sec-
ond cycle. There is a case, therefore, for
increasing the applied activity in the first
cycle to maximize therapy success. The
in the tumor-to-
kidney uptake ratio between responders
and nonresponders may serve as a predic-
tor of treatment response. Further studies
will be needed to examine this possibility.

DISCLOSURE

FIGURE 4. Results from one nonresponder. (A-C) PET/CT imaging before first therapy cycle. (D-F)

PET/CT imaging after 2 therapy cycles. (C and F) Maximum-intensity projections together with TTB
and TLG. Lesions with SUV < 3.5 were not included. SUV,,,, = standardized uptake value based on

body weight.

PSA decline. The ratio of tumor uptake to kidney uptake in prethera-
peutic PET/CT may therefore serve as a predictor of treatment
response. This information would be available even before the first
therapy cycle, thereby allowing other therapy options to be consid-
ered. These might include therapy with 22Ac-PSMA (27,28) at an
early stage for patients who are likely to have a poor response to treat-
ment with ”’Lu-PSMA ligands. PET/CT images with '8F and ®Ga
were used to assess the lesion-to-kidney ratio. However, since no
absolute SUVs but only relative ratios were compared between kid-
ney and lesion uptake, this limitation should affect the results only
minimally.

There are multiple studies suggesting the importance of prethera-
peutic PET/CT in predicting response to '"’Lu-PSMA therapies
(29,30). In contrast to the work of Khreish et al. (29), we cannot con-
firm that SUV ,q is less appropriate than SUV ..., as a predictor of
therapy response. However, the tumor-to-liver uptake ratio was com-
pared with progression-free survival in the study of Khreish et al.
The tumor-to-liver ratio was not available in our patient collective
because some patients also had metastases in the liver.

In the work by Buteau et al. (30), an SUV ay of 10 or higher
on PSMA PET was evaluated as a predictive biomarker for
response to '7’Lu-PSMA-617. The cutoff proposed by Buteau
et al. would not be transferable to our collective as the SUV,,can

RESPONSE PREDICTION FOR PSMA THERAPY °

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

KEY POINTS

QUESTION: Is there a clear difference between responders and
nonresponders, and is it possible to predict the response to
77u-PSMA therapy?

PERTINENT FINDINGS: In this study, 30 patients with metastatic
castration-resistant prostate cancer undergoing '’ Lu-PSMA
therapy were examined with regard to therapy response and the
achieved dose for lymph nodes and bone metastases. A significant
difference between responders and nonresponders was found.
The response to therapy may be estimated from pretherapeutic
PSMA PET/CT based on the lesion-to-kidney uptake ratio.

IMPLICATIONS FOR PATIENT CARE: An assessment of the
therapy response allows other options to be considered or the
applied activity to be adjusted.
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The aim of this retrospective analysis was to evaluate health-related
quality of life (HRQoL) for patients with metastatic castration-resistant
prostate cancer (NCRPC) receiving consecutive cycles of '"7Lu-
prostate-specific membrane antigen (PSMA) radioligand therapy
(RLT) using the reliable and validated European Organisation for
Research and Treatment of Cancer core quality-of-life (QoL) question-
naire. In addition, differences in HRQoL between patients with early
discontinuation of treatment because of disease progression and
patients who were defined as eligible for treatment continuation were
analyzed. Methods: In total, 60 mCRPC patients were included in this
analysis. The European Organisation for Research and Treatment of
Cancer core QoL questionnaire was completed at baseline, before
each treatment cycle up to the sixth treatment cycle, and at the time
of PSMA-ligand PET/CT scans after the second and fourth treatment
cycles. QoL assessment included global health status, functional
scales, and symptom burden during treatment. Results: Global health
was significantly improved at the second and fourth cycles of '77Lu-
PSMA RLT (P = 0.014 and P = 0.039, respectively). In line with this,
role and emotional functioning showed significant improvements at
the second and fourth treatment cycles (role functioning, P = 0.045
and P = 0.048, respectively, and emotional functioning, P = 0.035
and P = 0.007, respectively). In addition, compared with baseline,
fatigue and pain were significantly alleviated at the second and fourth
treatment cycles (pain, P = 0.035 and P = 0.034, respectively, and
fatigue, P = 0.042 and P = 0.041, respectively). Other aspects of
HRQolL, even if not significantly improved, remained stable over time,
except for deterioration of fatigue at the study’s end (P = 0.014) and
reduction of dyspnea at the second treatment cycle (P = 0.012).
Patients with early discontinuation of treatment showed a concordant
decline in HRQoL. Conclusion: mCRPC patients showed significant
improvement in HRQoL in the course of treatment with '7"Lu-PSMA
RLT. Furthermore, patients with early discontinuation of treatment
showed an analogous decline in HRQoL.
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HRQoL witH MCRPC ArTeErR PSMA RLT -

In patients with metastatic castration-resistant prostate cancer
(mCRPC), radioligand therapy (RLT) that targets '7’Lu-prostate-
specific membrane antigen (PSMA) has emerged as a promising
treatment option and has recently received approval from the U.S.
Food and Drug Administration and European Medicines Agency.
Patients with metastatic prostate cancer commonly present with
bone metastases that potentially lead to severe pain and impaired
mobility, which might cause substantial deterioration in quality of
life (QoL) (7,2).

Therefore, the assessment of health-related QoL (HRQoL) and
its changes during therapy is of major interest when new treatment
strategies are evaluated. The recently published prospective phase
IT and 11 trials investigated the influence of '”’Lu-PSMA-617 RLT
on HRQoL for mCRPC patients, reporting improvements in both
QoL and symptom control (3—5). A potential tool for the evaluation
of QoL in cancer patients is the European Organisation for
Research and Treatment of Cancer (EORTC) core QoL question-
naire (QLQ-C30) (4-6). Since its introduction, the EORTC QLQ-
C30 has been evaluated in several field studies and appeared as
reliable and valid (7). The EORTC QLQ-C30 defines HRQoL as a
multidimensional construct consisting of subjectively perceived
global health status, different functional scales, and disease-related
symptoms. However, despite recent publications investigating the
impact of !”’Lu-PSMA-617 RLT on HRQoL using small sample
sizes over a short treatment period, data on the impact of repeated
(=2) cycles of '7"Lu-PSMA 1&T RLT on HRQoL using a larger
cohort of mCRPC patients are scarce and limited (8). Furthermore,
on the basis of our clinical experience, we assumed that patients
with treatment discontinuation because of disease progression after
the first 2 cycles showed a concordant decline in HRQoL during
treatment. Thus, the aims of this analysis were to assess changes in
HRQoL with mCRPC during treatment with '’’Lu-PSMA RLT and
to evaluate potential differences in HRQoL between patients who
discontinued treatment because of disease progression and patients
who responded and could continue treatment.

MATERIALS AND METHODS

Patient Selection and '"’Lu-PSMA I&T RLT

Initially, 92 mCRPC patients with accessible EORTC QLQ-C30
responses who received !”’Lu-PSMA I&T RLT in a compassionate-use
program between 2014 and 2019 were screened for this retrospective
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analysis. Of these, 60 patients fulfilled our study-related inclusion crite-
ria and therefore were identified as eligible for our study. The following
criteria were used for inclusion: at least 2 cycles of !”’Lu-PSMA 1&T;
completion of 17’Lu-PSMA 1&T RLT; Eastern Cooperative Oncology
Group (ECOG) 0-2; and completed EORTC QLQ-C30 before treat-
ment initiation and at least 12 = 4 wk after treatment initiation (at
PSMA-ligand PET/CT imaging or before the third treatment cycle).
The measured time points (e.g., 12 = 4 wk) were defined retrospec-
tively by the intervals (4- to 8-wk intervals) in which the patients
received their treatment cycles or their interim PSMA-ligand PET/CT
imaging.

All patients had previously received second-line hormonal therapy
with abiraterone or enzalutamide and chemotherapy or were unfit for
chemotherapy. Before treatment, sufficient PSMA expression was
confirmed by PSMA-ligand PET imaging. Only patients with PSMA-
ligand uptake in tumor lesions at least as high as liver background
were treated. Data on treatment response and outcome after '”’Lu-
PSMA RLT of these patients have been previously reported (9,10).

7L u-PSMA 1&T was prepared according to good manufacturing
practice and the German Medicinal Products Act (AMG §13 2b). All
patients signed informed consent forms and were treated under the
conditions of Declaration of Helsinki article 37, “Unproven Interven-
tions in Clinical Practice.” The retrospective analysis was approved by
the local ethics committee under reference 115/18 S.

In total, 264 cycles of !”’Lu-PSMA RLT with a median of 4 cycles
per patient (range, 2-20 cycles) were applied. Patients received intrave-
nous treatment with a standard dose of approximately 7.4 GBq of
TLu-PSMA I&T every 4-10 wk (median, 6 wk). All patients received
at least 2 treatment cycles (n = 60), 2 patients received 3 cycles, and
35 patients underwent at least 4 cycles of '”"Lu-PSMA RLT (Table 1).
Median time on treatment was 4 mo (range, 2—20 mo).

QoL Analysis

HRQoL for mCRPC patients was evaluated using the German ver-
sion of the EORTC QLQ-C30 (version 3.0) (6). The questionnaire
was filled out before each '7"Lu-PSMA 1&T cycle and at the time of
PSMA-ligand PET/CT scans after 2 and potentially 4 treatment cycles.
Specifically developed for cancer patients, the EORTC QLQ-C30 is a
reliable and valid 30-item questionnaire of self-assessed HRQoL. It
consists of 1 multiitem measured global health status; 5 multiitem
measured functional scales, namely, physical functioning, role func-
tioning (i.e., performance in daily activities and free-time activities or
work), cognitive functioning, emotional functioning, and social func-
tioning; 3 multiitem measured symptom scales (fatigue, pain, and nau-
sea or vomiting); and 6 single items (constipation, diarrhea, insomnia,
dyspnea, appetite loss, and financial difficulties). According to the
standardized EORTC scoring procedure, scores for each multi- and
single-item measure were linearly transformed to a score value from 0
to 100 (7). Although high score values in global health and functional
scales represent high levels of health status and functional ability, high
scores in symptom scales and single items represent worse symptom
status.

Statistical Analysis

All analyses were performed using GraphPad Prism version
9.4.1(458) (GraphPad Software) for Mac (Apple). A mixed-effects
model that allows missing values was performed to analyze repeated
measures data of HRQoL for the total patient cohort and for patients
stratified according to their ECOG performance status at baseline
(ECOG 0, ECOG 1, or ECOG 2). Questionnaires with a response rate
of less than 25% (15%, n = 9) after the sixth treatment cycle were
excluded from further analysis. Results were presented as mean
changes from baseline scores of HRQoL. A paired ¢ test visualized in
Tukey box-and-whisker plots was performed to evaluate differences in
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TABLE 1
Baseline Patient Characteristics

Characteristic Data
Patients receiving '"’Lu-PSMA RLT 60

2 cycles 23

3 cycles 2

=4 cycles 35
ECOG 0 19
ECOG 1 34
ECOG 2 7
Age (y) 72 (67-76)
PSA (ng/mL) 132.3 (29.2-267.6)
LDH (U/L) 252.5 (215.8-316.8)
AP (U/L) 118.5 (78.0-211.8)
Hb (g/dL) 11.5 (10.3-12.6)

Prior systemic therapies for
mCRPC, n = 60 (%)

Docetaxel 44 (73)
Cabazitaxel 12 (20)
Abiraterone 46 (77)
Enzalutamide 40 (67)
223Ra 12 (20)
Previous chemotherapy 44 (73)
Site of metastasis, n = 60
Lymph node, overall 49
Lymph node, N1+/M1a 5
Bone, overall 54
Bone, M1b, without visceral 38
metastases
Visceral, overall, M1c 19
Liver 3
Lung 11
Adrenal 7

PSA = prostate-specific antigen; LDH = lactate dehydrogenase;
AP = alkaline phosphatase; Hb = hemoglobin.

Qualitative data are number and percentage; continuous data
are median and interquartile range.

HRQoL between patients who were excluded after 2 or 4 treatment
cycles (nonresponder) and those who continued treatment beyond 2 or
4 treatment cycles (responder). HRQoL deterioration-free survival was
defined as the time between treatment initiation and first HRQoL score
deterioration of at least 5 points compared with the baseline score (with-
out subsequent improvement =35 points compared with baseline or
improvement to =90 if the baseline score was =90) or death, which-
ever occurred first (/2). Deterioration-free survival curves were esti-
mated using the Kaplan-Meier method for estimation of event time
distributions, and log-rank tests were used for group comparisons.
Patients who were alive were censored at the last HRQoL follow-up
(26 = 4 wk) if deterioration of at least 5 points from baseline was not
observed or if a decrease of at least 5 points was present but was fol-
lowed by improvement of at least 5 points or improvement to at least 90
if the baseline score was at least 90. HRQoL for patients who were
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3 (Table 2). Patients with ECOG 0 had higher
HRQoL scores and less symptom burden in

all domains during the course of treatment,

whereas patients within the ECOG 1 and
ECOG 2 group had worse HRQoL (Fig. 2;
Supplemental Tables 1 and 2 [supplemental
materials are available at http://jnm.

EORTC QLQ-C30
kS A
P
62wk 124 wk 20+ 4wk 26+ 4 wk
Basaline {2nd CY of PEMA RLT} (PSMASgand PETICT afler {41h CY of PEMA RLT) (PShAdigand PETICT afior
2nd CY of PSMA RLT/ 4th CY af PEMA RLT/
3rd T of PSMA RLT) Sih CY of PSMARLT)
L3 F ¥
FIGURE 1. Study design. CY = cycle.

excluded from treatment (nonresponder) and in those who were defined
as eligible for treatment continuation (responder) was analyzed on the
basis of disease progression upon PSMA-ligand PET/CT imaging rou-
tinely performed after 2 treatment cycles (at 12 = 4 wk). The corre-
sponding hazard ratio (HR) and 95% CI are presented. A P value of less
than 0.05 was considered statistically significant.

RESULTS

QoL in the Entire Patient Cohort

Patient characteristics are shown in Table 1. Before treatment,
32% (n = 19), 57% (n = 34), and 11% (n = 7) of the patients pre-
sented with ECOG 0, ECOG 1, and ECOG 2, respectively. At base-
line and at 12 = 4 wk (PSMA-ligand PET/CT imaging after the
second treatment cycle or before the third treatment cycle) the ques-
tionnaire was available for all 60 (100%) patients (Fig. 1). For 39
(65%), 18 (30%), 16 (27%), and 9 (15%) patients, the questionnaire
was available at 6 = 2 wk (second treatment cycle), 20 * 4 wk
(fourth treatment cycle), 26 = 4 wk (PSMA-ligand PET/CT imag-
ing after the fourth treatment cycle or before the fifth treatment
cycle), and 34 £ 4 wk (sixth treatment cycle) after the first treat-
ment cycle, respectively (Fig. 1).

Compared with baseline, HRQoL improved significantly, reveal-
ing elevated global health status at 6 * 2

snmjournals.org]). However, the presented

significant effects of !”’Lu-PSMA RLT on

HRQoL for the total patient cohort were not
found within the ECOG-stratified groups (ECOG 0, ECOG 1, or
ECOG 2; Fig. 2; Supplemental Tables 1 and 2).

QoL for Patients with Early Exclusion from Treatment

Following PSMA-ligand PET/CT imaging after 2 treatment
cycles (at 12 = 4 wk; Fig. 1), 23 patients discontinued treatment
because of disease progression and were stratified as nonrespon-
ders, whereas 37 patients were defined as eligible for treatment
continuation and were stratified as responders (Table 1).

The nonresponder group presented with a lower baseline HRQoL
than did the responder group in most assessed domains (Table 3).
In addition, significantly worse physical functioning (P = 0.0495)
and role functioning (P = 0.011), deterioration of fatigue (P =
0.046), and increased nausea and vomiting (P = 0.008) were
detectable at 12 * 4 wk in the nonresponder group (Figs. 3B, 3C,
and 3E; Table 3). In contrast, patients in the responder group
showed significantly improved global health status (P = 0.002),
alleviation of pain (P = 0.011), and reduced dyspnea (P = 0.047;
Figs. 3A and 3F; Table 3). Other aspects of HRQoL, although not
significantly improved, remained stable over time (Table 3).

In line with this, the nonresponder group had a significantly
higher risk of HRQoL deterioration in global health status (HR,

wk (P = 0014)and at 20 + 4 wk (P = | A

Rale functioning
0.039) after treatment initiation (Fig. 2A; 10w W ¥ 1o F
Table 2). In accordance with this, role func- ” 5w 13 . g% ¢ A
tioning and emotional functioning demon- 3 z Iy i i 36 ,%\ /i\ -
strated significant improvements after the § § w "E‘i § o ¥ ¥ 3

first cycle of 7’Lu-PSMA RLT and over
time (role functioning, 6 * 2 wk [P =
0.045] and 20 = 4 wk [P = 0.048]; emo-
tional functioning, 6 = 2 wk [P = 0.035]
and 20 = 4 wk [P = 0.007]; Figs. 2C and
2D; Table 2). Other aspects of functional
ability, namely, physical functioning, cogni-
tive functioning, and social functioning,
although not  significantly — improved,
remained constant during treatment (Fig. 2B;
Table 2). Moreover, compared with baseline,

o

Srore (0-100)

Global health stalus B

Physical functiening c

£

Scora (0-100)
EEEE

some symptom scales, such as fatigue and

pain, were significantly alleviated at 6 = 2
and 20 = 4 wk (fatigue, P = 0.042 and P =
0.041, respectively, and pain, P = 0.035 and
P = 0.034, respectively; Figs. 2E and 2F;
Table 2). In addition, at 26 = 4 wk, signifi-
cant deterioration (P = 0.014) of fatigue was
detected (Fig. 2E). Other symptoms, even if
not significantly improved (except significant
alleviation of dyspnea at 6 £ 2 wk, P =
0.012), showed no deterioration over time

FIGURE 2. Changes in global health status, selected functional scales (physical functioning, role
functioning, and emotional functioning), and selected symptom scales (fatigue and pain) for total
patient cohort (blue) and for patients with ECOG 0 (green) and ECOG 1 or ECOG 2 (red) performance
status during treatment with '””Lu-PSMA RLT, according to EORTC QLQ-C30. Results are pre-
sented as mean changes from baseline and SEM. (A) In total patient cohort, global health status
was significantly improved at 6 = 2 wk (P = 0.014) and 20 + 4 wk (P = 0.039). (B-D) In total
patient cohort, role functioning and emotional functioning were significantly improved at 6 = 2 wk
(P = 0.045 and P = 0.035) and at 20 = 4 wk (P = 0.048 and P = 0.007), while physical functioning,
although not significantly improved, remained constant during treatment. (E and F) In total patient
cohort, fatigue and pain were significantly alleviated at 6 = 2 wk (P = 0.042 and P = 0.035) and at
20 = 4 wk (P = 0.041 and P = 0.034), whereas fatigue was significantly deteriorated at 26 *= 2 wk
(P =0.014). *P < 0.05. *P < 0.01.
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TABLE 2

EORTC QLQ-C30 Scores for Total Patient Cohort

EORTC QLQ-C30 score (0-100)

Parameter Category Baseline 6 = 2 wk 12 = 4 wk 20 = 4 wk 26 = 4 wk
Global health 56.0 (51.3-60.6) 63.2* (58.0-68.3) 57.8 (52.0-63.5) 65.3* (56.2-74.4) 51.6 (39.6-63.6)
status
Functional Physical 67.1 (60.9-73.3) 67.2 (59.8-74.5) 65.8 (59.2-72.3) 72.2 (62.2-82.3) 56.7 (43.3-70.1)
scale functioning
Role functioning 55.8 (48.1-63.6) 67.1* (58.2-76.0) 52.8 (44.7-60.9) 67.6* (65.7-79.5) 45.8 (26.6-65.1)
Emotional 67.8 (62.0-73.6) 75.4* (68.7-82.2) 71.8 (66.4-77.2) 79.2T (69.6-88.7) 62.0 (50.3-73.6)
functioning
Cognitive 84.7 (79.6-89.9) 84.2 (77.9-90.5) 84.0 (78.7-89.1) 85.2 (76.0-94.4) 87.5 (80.1-94.9)
functioning
Social functioning  65.3 (58.8-71.7) 70.6 (62.4-78.8) 61.9 (54.8-69.1) 75.0 (63.7-86.3) 56.3 (40.5-72.0)
Symptom Fatigue 47.8 (40.8-54.7) 41.8* (33.8-49.9) 48.2 (41.0-55.3) 37.0" (26.6-47.4) 59.7* (45.3-74.1)
scale
Nausea and 6.7 (2.7-10.7) 11.8 (56.7-18.0) 9.2 (4.5-13.8) 3.7 (0.0-7.8) 8.3 (0.2-16.5)
vomiting
Pain 42.5 (23.6-43.1) 32.5" (23.6-43.1) 36.9 (26.7-43.4) 26.9* (15.8-39.8) 43.8 (25.4-59.1)
Single item Dyspnea 40.0 (31.5-48.6) 28.1* (18.5-37.7) 30.6 (23.0-38.2) 25.9 (12.8-39.1) 35.4 (20.7-50.1)
Insomnia 30.6 (21.4-39.7) 29.8 (19.0-40.6) 29.4 (20.5-38.4) 29.6 (17.2-42.1) 25.0 (11.5-38.5)
Appetite loss 29.4 (17.1-31.8) 28.1 (17.6-38.5) 26.1 (17.8-34.4) 11.1 (2.2-20.0) 33.3 (15.1-51.6)
Constipation 16.1 (9.7-22.6) 16.7 (8.3-25.0) 18.9 (12.1-25.7) 13.0 (2.5-23.4) 12.5 (0.0-25.3)
Diarrhea 12.2 (6.3-18.2) 11.4 (3.6-19.2) 11.1 (5.4-16.8) 7.4 (0.0-15.6) 10.4 (2.9-18.0)
Financial 10.0 (4.2-15.8) 13.2 (6.3-21.1) 13.3 (7.1-19.5) 18.5 (6.7-31.3)  20.8 (5.7-36.0)
difficulties
*P < 0.05.
P < 0.01.

Data are baseline mean scores and 95% Cls before first '““Lu-PSMA RLT cycle and for 6 = 2 wk during second '"“Lu-PSMA RLT
cycle, 12 + 4 wk during PSMA-ligand PET/CT scan after second '"”Lu-PSMA RLT cycle or third '"Lu-PSMA RLT cycle, and 20 * 4 wk
during fourth "7“Lu-PSMA RLT cycle after first cycle of '””Lu-PSMA RLT for patients with mCRPC treated with '"”Lu-PSMA RLT.

2.9; 95% CI, 1.3-6.6; P = 0.002), physical functioning (HR, 2.2;
95% CI, 1.14.8; P = 0.013), role functioning (HR, 2.2; 95% CI,
1.0-5.2; P = 0.035), cognitive functioning (HR, 2.4; 95% CI, 1.0-
6.0; P = 0.035), fatigue (HR, 2.7; 95% CI, 1.3-5.6; P = 0.001),
nausea and vomiting (HR, 4.5; 95% CI, 1.6-12.8; P = 0.001),
appetite loss (HR, 3.5; 95% CI, 1.3-9.7; P = 0.005), and diarrhea
(HR, 3.4; 95% CI, 1.1-10.1; P = 0.017; Figs. 4A—4C and 4E; Sup-
plemental Table 3). Similar trends were observed for most remain-
ing aspects of HRQoL (Figs. 4D and 4F; Supplemental Table 3).

Differences in HRQoL between patients who discontinued treat-
ment (nonresponder, n = 7) because of relevant disease progres-
sion in PSMA-ligand PET/CT imaging after 4 treatment cycles (at
26 * 4 wk; Fig. 1) and those who continued treatment (responder,
n = 9) are given in Supplemental Table 4.

DISCUSSION

The results of our retrospective analysis indicate significant
improvements in various aspects of HRQoL (e.g., global health
status) during treatment with '’’Lu-PSMA 1&T RLT in mCRPC.
In contrast, patients who discontinued treatment after 2 treatment
cycles because of disease progression had a concordant decline in
HRQoL and a higher risk of deterioration in QoL than did patients
who responded after the initial 2 cycles.

1768

The most affected dimensions of HRQoL were global health
status, role functioning, emotional functioning, fatigue, and pain.
In these domains, significant improvements were detectable at the
second (at 6 = 2 wk) and fourth (at 20 = 4 wk) treatment cycles.
Our analysis might underline the beneficial impact of !"’Lu-
PSMA I&T RLT on HRQoL—in contrast to a recently published
analysis of mCRPC patients treated with new hormonal agents or
first-line chemotherapy, which reported continuous and significant
deterioration in, for example, physical functioning, fatigue, and
pain (I/3). However, because our analysis evaluates the impact of
"7Lu-PSMA 1&T RLT on HRQoL over only a short treatment
period, further studies analyzing the long-term impact on HRQoL
are warranted.

At PSMA-ligand PET/CT imaging after the second treatment
cycle or before the third treatment cycle (12 = 4 wk) and at
PSMA-ligand PET/CT imaging after the fourth treatment cycle or
before the fifth treatment cycle (26 = 4 wk) a slight shift toward
HRQoL deterioration was detectable. Similar trends were reported
in a previously published prospective phase II trial (4,14). A
potential hypothesis for this could be a concordant decline of QoL
for patients with relevant disease progression, leading to negative
affection of HRQoL at the measured time points. This is supported
by our results, which revealed significant deterioration of HRQoL
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TABLE 3
EORTC QLQ-C30 Scores at Baseline and 12 = 4 Weeks After Treatment Initiation in Nonresponder Patients Receiving
2 Cycles and Responder Patients Receiving More Than 2 Cycles of '7’Lu-PSMA RLT

EORTC QLQ-C30 score (0-100)

Total patient cohort Nonresponder Responder
Parameter Category Baseline Baseline 12 = 4 wk Baseline 12 £ 4 wk
Global health 56.0 (51.3-60.6) 51.8 (44.4-59.3) 44.2 (35.3-53.1) 58.6 (52.1-65.1) 66.2T (60.0-72.5)
status
Functional Physical 67.1 (60.9-73.3) 61.7 (51.5-72.0) 53.9* (43.7-64.1) 70.5 (62.8-78.1) 73.2 (65.2-81.1)
scale functioning
Role functioning 55.8 (48.1-63.6) 50.7 (39.5-62.0) 37.0* (24.1-49.8) 59.0 (49.7-68.3) 62.6 (53.0-72.2)
Emotional 67.8 (62.0-73.6) 59.4 (49.7-69.2) 63.0 (55.7-70.4) 73.0 (65.8-80.1) 77.3 (70.1-84.4)
functioning
Cognitive 84.7 (79.6-89.9) 81.2 (72.1-90.2) 77.5 (68.6-86.4) 86.9 (80.7-93.1) 87.8 (81.3-94.4)
functioning
Social functioning 65.3 (68.8-71.7) 54.4 (43.9-64.8) 48.6 (37.6-59.5) 72.1 (64.9-79.3) 70.3 (62.6-77.9)
Symptom Fatigue 47.8 (40.8-54.7)  49.8 (39.1-60.5) 59.9* (48.8-71.0) 46.6 (37.7-55.4) 40.8 (33.3-48.4)
scale
Nausea and 6.7 (2.7-10.7) 7.3 (1.6-12.9) 19.6" (9.6-29.5) 3 (0.0-12.8) 7 (0.0-6.0)
vomiting
Pain 42.5 (23.6-43.1) 51.5 (40.7-62.3) 54.4 (39.3-69.4) 36.9 (28.8-45.1) 26.1* (18.1-34.1)
Single item Dyspnea 40.0 (31.5-48.6) 50.7 (35.2-66.2) 42.0 (28.6-55.5) 33.3 (24.4-42.4) 23.4* (15.1-31.8)
Insomnia 30.6 (21.4-39.7) 46.4 (29.9-62.8) 44.9 (28.1-61.8) 20.7 (11.4-30.1) 19.8 (10.7-28.9)
Appetite loss 29.4 (17.1-31.8) 21.7 (9.3-34.2) 36.2 (21.3-51.2) 26.1 (17.2-35.1) 19.8 (9.6-30.1)
Constipation 16.1 (9.7-22.6) 18.8 (7.6-30.1) 23.2 (11.5-34.9) 14.4 (8.3-20.5) 16.2 (7.9-24.5)
Diarrhea 12.2 (6.3-18.2) 11.6 (3.0-20.2) 13.0 (2.6-23.5) 12.6 (5.0-20.3) 9 (3.2-16.6)
Financial 10.0 (4.2-15.8) 15.9 4.7-27.2) 15.9 (6.2-25.7) 3 (0.0-13.5) 11.7 (2.3-21.1)
difficulties
*P < 0.05.
P < 0.01.

Data are baseline mean scores and 95% Cls before first '77Lu-PSMA RLT cycle in total patient cohort and in nonresponder and
responder patients, dichotomized according to number of received treatment cycles of 7/Lu-PSMA RLT at 12 + 4 wk and at 12 + 4 wk
during PSMA-ligand PET/CT scan after second '7’Lu-PSMA RLT cycle or third '"7Lu-PSMA RLT cycle after first cycle of '""Lu-PSMA RLT
in nonresponder and responder patients with mCRPC treated with '””Lu-PSMA RLT.

(e.g., physical functioning) for patients who discontinued '"’Lu-
PSMA RLT after the second treatment cycle because of disease
progression (at 12 = 4 wk), whereas patients who continued treat-
ment showed stabilization or improvement of HRQoL (e.g., global
health status). In accordance with this, we could also demonstrate
a significantly higher risk of HRQoL deterioration for patients
with early treatment discontinuation. This is in line with results
from van der Doelen et al., who reported stabilization of HRQoL
for patients who completed 22>Ra treatment but observed decline
in HRQoL for patients who discontinued treatment (/5). The same
was true for most assessed HRQoL domains for patients who dis-
continued treatment after 4 treatment cycles compared with those
who received more than 4 treatment cycles. However, in this
patient cohort, none of the detected differences were statistically
significant, which is most likely because of the small sample size.
Two previously published prospective phase II trials analyzed
HRQoL using the EORTC QLQ-C30 for mCRPC patients undergo-
ing '"Lu-PSMA-617 RLT (4,5,14). These trials reported higher
HRQoL scores and lower symptom burden at baseline in most
domains than found in our results (). The worse HRQoL scores at

HRQoL witH MCRPC ArTeErR PSMA RLT -

baseline reported in our analysis might be explained by the more
advanced disease stage in our patient cohort, including visceral
metastases in 32% of our patients (n = 19) versus, for example, 7%
of TheraP patients (» = 7), given the known negative association of
visceral metastases with outcome (5, /6). In addition, 20% (n = 12)
of our patients received pretreatment with cabazitaxel versus none of
the TheraP patients, also illustrating their more advanced stage regu-
larly associated with decreased QoL (17). Differences in adminis-
tered therapies and disease stages should be considered when
comparing HRQoL between studies. Furthermore, a recently pub-
lished prospective phase III trial investigating the impact of !”’Lu-
PSMA-617 RLT plus standard of care versus standard of care alone
reported a beneficial HRQoL for the '"’Lu-PSMA-617 RLT group
(18). However, because it used “Functional Assessment of Cancer
Therapy: Prostate and the Brief Pain Inventory—Short Form” for
the assessment of HRQoL and different outcome parameters, a
direct comparison with the results of our analysis is not possible (3).
Patients with either slight impairment in physically demanding
activities (ECOG 1) or total inability in work activities (ECOG 2) had
concordantly lower HRQoL than did patients with fully active
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FIGURE 3. Tukey box plot display of global health status, selected functional scales (physical func-
tioning, role functioning, and emotional functioning), and selected symptom scales (fatigue and pain)
for total patient cohort at baseline (black) and at 6 + 2 wk (light gray) and for patients dichotomized
according to number of received treatment cycles of '7’Lu-PSMA RLT at 12 = 4 wk (nonresponder,
red; responder, green). (A) Compared with baseline, global health status was significantly improved
at 12 = 4 wk in responder group (P = 0.002). (B-D) Compared with baseline, physical functioning
and role functioning were significantly worse in nonresponder group (P = 0.0495 and P = 0.011),
while no significant differences were detectable for emotional functioning. (E and F) Compared with
baseline, fatigue was significantly deteriorated in nonresponder group (P = 0.046) and pain was sig-
nificantly alleviated in responder group (P = 0.011). Outliers that differ significantly from rest of data-
set were plotted as individual points beyond whiskers on box plot. *P < 0.05. **P < 0.01. ns = not
significant.
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FIGURE 4. Kaplan—-Meier survival curves for HRQoL deterioration-free survival for global health sta-
tus (A), selected functioning scales (physical functioning, role functioning, and emotional functioning)
(B-D), and selected symptom scales (fatigue and pain) (E and F) for patients dichotomized according
to number of received treatment cycles of '"Lu-PSMA RLT at 12 + 4 wk (nonresponder, red;
responder, green). DFS = deterioration-free survival.
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performance status (ECOG 0) at all measur-
ing points. This is in line with results from
Marinova et al., who investigated HRQoL
for patients with midgut neuroendocrine
tumors after peptide receptor radionuclide
therapy (19). However, the significant
impact of '”’Lu-PSMA RLT on HRQoL for
our total patient cohort was not found within
ECOG-divided groups (ECOG 0 vs. ECOG
1 or ECOG 2), although there was a similar
tendency detectable (e.g., global health sta-
tus). This might be explained by the rela-
tively small sample size in each of the
analyzed subgroups, which resulted in
decreased power of the statistical test. Fur-
ther studies are warranted to validate our
results in larger patient cohorts.

Our study has several limitations, in-
cluding the single-center retrospective na-
ture of this analysis, which may limit the
validity of our results. The small sample size
may prevent our findings from being extrap-
olated and impede the visibility of small
effects of '""Lu-PSMA RLT on HRQoL.

CONCLUSION

The results of our analysis indicate a
beneficial impact of '”’Lu-PSMA RLT on
QoL for mCRPC patients. Patients showed
improvement in HRQoL and alleviation in
relevant disease-related symptoms. In ad-
dition, we could demonstrate a significant
decline in HRQoL for patients with unfa-
vorable disease progression that resulted in
early discontinuation of treatment.
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KEY POINTS

QUESTION: Does '"“Lu-PSMA I&T RLT have a beneficial impact
on HRQoL for mCRPC patients?

PERTINENT FINDINGS: In our analysis, we could demonstrate
that '"’Lu-PSMA 1&T RLT is associated with a beneficial impact
on HRQoL. Moreover, we could detect a significant decline in
HRQoL for patients who discontinued treatment because of
disease progression.

IMPLICATIONS FOR PATIENT CARE: HRQoL is important when
it comes to the evaluation of new treatment strategies such as
177 u-PSMA RLT. '""Lu-PSMA RLT demonstrates a beneficial
impact on patients’ HRQoL. However, for patients with early
disease progression, the positive impact of '”’Lu-PSMA RLT on
QoL is limited.
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Tandem Isotope Therapy with 225A¢- and ""Lu-PSMA-617
in a Murine Model of Prostate Cancer
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Radionuclide therapy targeting prostate-specific membrane antigen
(PSMA) is a promising option for metastatic castration-resistant pros-
tate cancer. Clinical experience using '"’Lu or ?*>Ac has demon-
strated encouraging treatment responses; however, responses are
not durable. Dual-isotope combinations, or “tandem” approaches,
may improve tolerability while retaining a high tumor dose. In this
study, we directly compared a- versus B-particle treatment, as well
as a combination thereof, at different stages of disease in a murine
model of disseminated prostate cancer. Methods: First, to determine
comparable injected activities from '7’Lu- and 22°Ac-PSMA-617, ex
vivo biodistribution studies were performed at 5 time points after
treatment of C4-2 subcutaneous tumor-bearing NSG mice. To estab-
lish a more representative model of metastatic prostate cancer, NSG
mice were inoculated with luciferase-expressing C4-2 cells in the left
ventricle, leading to disseminated visceral and bone lesions. At either
3 or 5 wk after inoculation, the mice were treated with equivalent
tumor dose-depositing activities of '"7Lu- or 22°Ac-PSMA-617 alone
or in combination (35 MBq of '""Lu, 40 kBq of 22°Ac, or 17 MBq of
7Ly + 20 kBq ?*°Ac; 10/group). Disease burden was assessed by
weekly bioluminescence imaging. Treatment efficacy was evaluated
using whole-body tumor burden and overall survival. Results: The ex
vivo biodistribution studies revealed that 35 MBq of '”’Lu and 40 kBq
of 225A¢ yield equivalent absorbed tumor doses in a subcutaneous
C4-2 model. The disease burden of mice treated at 3 wk after inocula-
tion (microscopic disease) with '7"Lu was not significantly different
from that of untreated mice. However, >°Ac-PSMA-617 both as a
single agent and in combination with "7“Lu (17 MBq of ""Lu +
20 kBq of 2%5Ac) were associated with significant whole-body tumor
growth retardation and survival benefit (overall survival, 8.3 wk for non-
treatment, 9.4 wk for '77Lu, 15.3 wk for 22°Ac alone, and 14.1 wk for
tandem therapy). When treated at 5 wk after inoculation (macroscopic
disease), all treatment groups showed retarded tumor growth and
improved survival, with no significant differences between 22°Ac alone
and administration of half the 22°Ac activity in tandem with 77Lu (overall
survival, 7.9 wk for nontreatment, 10.3 wk for '"”Lu, 14.6 wk for 22°Ac
alone, and 13.2 wk for tandem therapy). Conclusion: Treatment of a
disseminated model of prostate cancer with simultaneous 2*°Ac- and
177 y-PSMA-617 results in significantly decreased tumor growth
compared with '""Lu, which was ineffective as a single agent against
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microscopic lesions. Mice treated later in the disease progression and
bearing macroscopic, millimeter-sized lesions experienced significant
tumor growth retardation and survival benefit in both monoisotopic and
tandem regimens of '"“Lu and 2°Ac. Although the greatest benefits
were observed with the single agent 22°Ac, the tandem arm experi-
enced no significant difference in disease burden or survival benefit,
suggesting that the reduced activity of 22°Ac was adequately compen-
sated in the tandem arm. The superior therapeutic efficacy of 22°Ac in
this model suggests a preference for a-emitters alone, or possibly in
combination, in the microscopic disease setting.

Key Words: PSMA-617; '77Lu; 22°Ac; mouse model; prostate cancer;
RLT
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deionuclide therapy targeting the prostate-specific membrane
antigen (PSMA) protein is a promising option for patients with meta-
static castration-resistant prostate cancer. The most commonly used
therapeutic isotope is !”’Lu, a medium-energy B-emitter (0.5MeV)
with a 6.7-d half-life (7). Response rates to !”’Lu-PSMA-617 (as mea-
sured by >50% decline in serum biomarker prostate-specific antigen)
have varied from 30% to 70% across treatment studies and patient
cohorts (2—7). With a tissue penetration range of less than 2mm and
the ensuing cross-fire effect, 17’Lu B-particles are best suited for treat-
ing lesions of a certain size (i.e., nonmicroscopic) (8—10). Although
treatment with '7’Lu-PSMA-617 is largely well tolerated, with a favor-
able dosimetry profile (//-13), in the setting of diffuse bone marrow
infiltration, treatment with B-emitters may be limited by hematologic
toxicity due to the irradiation of the surrounding healthy bone marrow
tissues (10). 25Ac, an a-emitter with a 9.9-d half-life, has emerged as
an alternative isotope with favorable therapeutic decay properties.
a-particles are of interest in radionuclide therapy because of higher
energy deposition over a much shorter tissue penetration range, caus-
ing more dense ionizations and localized dose profiles than for
B-particles (/4-16). The higher energy of >>Ac a-particles over a
shorter tissue range (<0.1 mm) leads to a linear energy transfer on the
order of 100 keV/um (9,17-19). Decay schemes for 7"Lu and **>Ac
are shown in Figure 1.

Although fewer clinical studies have been conducted with 22°Ac-
PSMA-617, studies so far have reported biochemical response rates
(>50% decline in prostate-specific antigen) ranging from 25% to
over 90%, though patient cohorts, prior treatments, and treatment
settings have varied widely (20-23). Additionally, a-particle ther-
apy may be favored in the treatment of microscopic metastatic dis-
ease and bone marrow infiltration because of the shorter range of
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FIGURE 1. (A) '""Lu decay scheme. (B) >°Ac decay scheme.

a-radiation (24-27). However, the same radiobiologic features that
make 22°Ac attractive against tumors also present a tradeoff at the
expense of higher-grade toxicities (22). The most significant adverse
effect of a-particle PSMA-targeted radionuclide therapy with small
molecules (i.e., PSMA-617, PSMA-1&T) is xerostomia, making the
salivary glands a key dose-limiting organ (28). Although the accu-
mulation of PSMA ligands in the salivary glands is still not well
understood, it is believed to be the result of both nonspecific (non—
PSMA-related) and specific (PSMA-related) uptake mechanisms of
PSMA ligands (29-31). Although xerostomia from '”"Lu therapy is
often temporary and reversible, with 2>>Ac there is a greater inci-
dence of xerostomia, which can significantly diminish patient quality
of life and lead to treatment discontinuation (22,32,33).

Overall, clinical experience using '”Lu or 2*Ac has shown
encouraging treatment responses; however, the responses have not
been durable. Given that salivary gland toxicity limits the injected
activity of 2*>Ac, simply using higher **Ac treatment activities to
increase tumor dose delivery is not an option. Dual-isotope combina-
tions, or “tandem” approaches, may provide the benefits of both
177Lu and #23Ac to improve treatment tolerability while retaining high
tumor dose delivery (10,34). Early clinical studies on both ""Lu-
naive patients and those who progressed after '"’Lu-PSMA have
shown that augmentation of !7’Lu-PSMA therapy with a boost of
225 Ac is an effective option with a more favorable side effects profile
(35-37). No incidents of grade 3 or higher xerostomia were reported
in these studies. A similar approach has been tested in peptide recep-
tor radionuclide therapy against neuroendocrine tumors using tandem
7TLuf°Y-DOTATATE, combining 2 B-particle-emitting isotopes
with different energies and tissue penetration ranges (38,39). In the
preclinical setting, tandem '”’Lu/°Y-DOTATATE demonstrated an
antitumor effect superior to that of either monotherapy alone (40). For
PSMA-targeted therapies, clinical data are still limited by small
patient cohort sizes, and to date, there have been no systematic pre-
clinical investigations into the efficacy of dual-isotope combinations.
In this work, we sought to directly compare «- versus (-particle
PSMA radionuclide therapy, as well as combinations of the two, in a

Tanoem "Lu/”* Ac PSMA RLT v Mice

mouse model of prostate cancer. Our hypothesis was that the emitted
particle pathlength can impact the radiation dose delivery, especially
to microscopic disease. The objective was to compare the treatment
efficacy of a scaled combination of 2>Ac and !""Lu to single-isotope
treatments, as measured by longitudinal tumor control and survival.
First, we conducted an ex vivo y-counting biodistribution and tumor
dosimetry study to determine injected activities of '"’Lu and **>Ac
that yield comparable tumor doses. We then treated mice bearing dis-
seminated prostate cancer lesions at 2 different stages of disease with
77Lu- and ?>*Ac-PSMA-617 as single agents, or in combination, to
compare therapeutic efficacy and survival.

MATERIALS AND METHODS

Cell Culture and Animal Studies

In all studies, the human-derived, PSMA-expressing prostate cancer
tumor cell line C4-2 was used (courtesy of Dr. George Thalmann,
Inselspital Bern, Switzerland). Cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (Omega Scien-
tific) and grown at 37°C and 5% CO,. Cells were monitored for Myco-
plasma contamination using the Venor GeM Mycoplasma detection
kit (Sigma Aldrich) and authenticated by short tandem repeat sequenc-
ing (Laragen). The parental cells were engineered to express firefly
luciferase (C4-2-luc) to allow luciferase-mediated bioluminescence
imaging to monitor tumor burden, as previously described (47).

All animal studies were approved by the UCLA Animal Research
Committee (approval 2005-090). The mice were housed under pathogen-
free conditions with food and water ad libitum and a 12 h-12 h light—
dark cycle. Veterinary staff and investigators observed the mice daily to
ensure animal welfare.

Radiochemistry

PSMA-617 precursor was obtained from ABX Advanced Biochemical
Compounds. '"7Lu was obtained from Spectron MRC, and **>Ac was
supplied by the U.S. Department of Energy’s Isotope Program within the
Office of Science. Radiolabeling was performed as previously described
with molar activities of 84 GBg/wmol and 130 MBg/wmol for ""Lu-
and 2 Ac-PSMA-617, respectively (41,42).

Biodistribution and Tumor Dosimetry of '""Lu- and
2257c-PSMA-617

Immunodeficient, 6- to 8-wk-old NOD SCID +y (NSG; The Jackson
Laboratory) male mice were inoculated subcutaneously with 5 X 10°
C4-2 cells in 100 nL of Matrigel (Corning) into the shoulder region
(50 mice). After 3 wk, when the tumors reached about 300 mm?® in vol-
ume, the mice were treated with either 30 MBq of '"’Lu-PSMA-617
(25 mice) or 40 kBq of **Ac-PSMA-617 (25 mice). The treatment
activities were based on efficacious and well-tolerated activities in previ-
ous studies (43). The mice were euthanized at 1, 4, 24, 48, and 168 h
after treatment (5 mice per time point for each nuclide). At the time of
euthanasia, tumors and organs (including kidneys, liver, submandibular
salivary glands, and intestines) were collected for ex vivo y-counting for
activity quantification ('”’Lu energy window, 189-231 keV; ***Ac
energy window, 170260 keV for ??'Fr daughter detection; Cobra II
Auto-Gamma; Packard Instrument Co.). Actinium samples were counted
after 24 h when secular equilibrium was reached (44). The multiple
t test method with Welch correction was used for biodistribution statisti-
cal comparisons (statistical significance set to =0.05).

We estimated tumor self-doses (ignoring cross-dose contributions
from neighboring organs) by first curve-fitting and integrating the
tumor time—activity curves (NUKFIT Software) (45). The total number
of disintegrations was multiplied by dose constants to yield tumor doses
for '""Lu and **°Ac (5.934 X 107" and 2.838 X 107> Gy-g/[nCi-h],
respectively). Dose constants are derived from nuclear data for energy
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released per disintegration of each radionuclide, ignoring contributions
with a decay yield of less than 1% (1,46). In this case of self-dose cal-
culation, it is assumed that all radiation has an absorption fraction of
1.0 and that all disintegrations measured in the tumor deposit all energy
in the tumor. We could thereby estimate the injected activities of
77Lu- and ?*’Ac-PSMA-617 that yield approximately equal tumor
doses for subsequent studies directly comparing single- versus dual-
isotope approaches.

Tandem '7’Lu/??°Ac Therapy

All subsequent therapy studies were investigated in a mouse model of
advanced metastatic prostate cancer. NSG mice were inoculated with
C4-2-luc cells in the left ventricle, leading to disseminated visceral and
bone lesions, as previously described (80 mice) (41). The mice were trea-
ted at 2 different stages of disease—either 3 or 5 wk after inoculation
with equivalent tumor dose-depositing activities of '""Lu- or ***Ac-
PSMA-617 or in scaled combination. Three weeks after inoculation, the
disseminated lesions are approximately 200 wm in size, increasing to
millimeter scale by 5 wk, as previously characterized (41). The treatment
activities were determined by the tumor biodistribution and dose-finding
study as previously described. The treatment groups were as follows:
35 MBq of 7"Lu-PSMA-617, 40 kBq of > Ac-PSMA-617, a mixture of
17 MBq of '""Lu-PSMA-617 plus 20 kBq of ***Ac-PSMA-617, or
untreated (10 mice per group per treatment time, intravenous administra-
tion; the chosen activities are justified in the Results section). The
tandem-isotope treatment regimen was designed to halve the respective
doses of *>Ac and '""Lu in combination.

Disease burden was assessed by weekly luciferase-mediated biolu-
minescence imaging (IVIS Lumina III; Perkin Elmer), and the mice
were followed for overall survival. The mice
were euthanized when their overall condition

injection, and by 168 h (7 d), tumor uptake was significantly greater in
225 Ac-treated tumors than in ""Lu-treated tumors (9.3% =+ 1.3% vs.
6.3% = 0.9% injected activity/g, P < 0.004, 5 mice per radionuclide).
Tumor time—activity uptake curves in percentage injected activity
were used for curve-fitting in NUKFIT (Figs. 2B and 2D). NUKFIT
software selected the best curve-fitting model in both cases to be in
the following form: 4;e™™/+A4,e™ ™!, where \; and \, represent
the fitted decay constants. The best-fit curve parameters are shown in
Figure 2. The resultant cumulated activities were multiplied by the
respective dose constants and normalized by injected activity and
average tumor masses. The tumor-absorbed doses for '”’Lu- and
225 Ac-PSMA-617 in the subcutaneous C4-2 model were 0.00758
and 65.03 cGy/kBq, respectively, or roughly 850 times greater for
225 Ac than for 7"Lu. Therefore, from this study we decided to use
35 MBq of 7’Lu and 40 kBq of 2*°Ac to yield similar absorbed
tumor doses in the therapeutic efficacy studies. Previous work dem-
onstrated that 40 kBq of 22°Ac-PSMA-617 is well tolerated (43). For
the tandem treatment arm, we chose to halve the activity of each iso-
tope in combination (17 MBq of 1""Lu + 20 kBq of >°Ac) to test a
more tolerable activity regimen.

Tandem '7’Lu/?*°Ac Therapy

Whole-body bioluminescence imaging radiance over time and
mouse survival curves for treatment 3 wk after inoculation are
shown in Figures 3 and 4, respectively. Notably, the disease bur-
den of mice treated at this earlier stage of disease with '"’Lu-
PSMA-617 was not significantly different from that of untreated
mice at any time point (P = 0.932). However, **>Ac-PSMA-617

showed signs of deteriorating health based A 7L u-PSMA-617 B B
on the body conditioning score (47). Thera- 301 Time after 44270029 4 (.75 -0.004
peutic efficacy data regarding tumor burden, Pz‘: 251 2910 tr|10n E g1 '0.00759cCy/kAg
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time (Living Image; Perkin Elmer), were g 154 S ‘112“_’!111 E y
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P < 0.0005), but no statistical difference
was observed at later time points. Both
7"Lu- and ?*Ac-PSMA-617 rapidly local-
ized to the tumor, with similar uptake
(14.4% = 4.1% and 14.1% * 4.9% injected
activity/g, respectively) at 4h after intrave-
nous injection (not statistically significant;
P = 0.89). Tumor uptake peaked at 4 h after

parameters are shown.
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FIGURE 2. Ex vivo biodistribution and tumor time—activity curves for '""Lu- and 22°Ac-PSMA-617.
(A) Mean + SD percentage injected activity per gram of tissue for mice treated with 30 MBq of '""Lu-
PSMA-617 (5 mice per time point). Tabulated values and additional organs are available in supple-
mental materials. (B) Mean percentage injected activity of '""Lu-PSMA-617 in tumors over time used
for curve-fitting and dosimetry. Best-fit parameters are shown. (C) Mean + SD percentage injected
activity per gram of tissue for mice treated with 40 kBq of 22°Ac-PSMA-617 (5 mice per time point).
Tabulated values and additional organs are available in supplemental materials. (D) Mean percentage
injected activity of 22>Ac-PSMA-617 in tumors over time used for curve-fitting and dosimetry. Best-fit
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FIGURE 3. Therapeutic efficacy for mice treated 3 wk after inoculation with '’ Lu/2?°Ac-PSMA-617
or in tandem. (A) Mean + SD whole-body radiance over time (10 mice per group). Data are shown for
time points with 5 or more remaining mice. (B) Individual mouse fold change in radiance over time rel-

ative to disease burden at time of treatment. NT = no treatment.

both as a single agent and in combination with '7’Lu-PSMA-617 was
associated with significant tumor growth retardation (P = 0.009 for
tandem vs. "Lu; P = 0.0084 for 2°Ac vs. 7Lu; P > 0.999 for tan-
dem vs. ?Ac measured 5 wk after treatment). If mice were left
untreated, median survival was 8.3 wk. When mice were treated with
35 MBq of ’Lu-PSMA-617, no significant survival benefit was
observed (median survival, 9.4 wk; P = 0.337). However, when trea-
ted with one of the 2*Ac regimens, the median survival increased to
14.1 wk for the tandem approach and 15.3 wk for ?>>Ac-PSMA-617
alone (P < 0.0001 for tandem vs. '”’Lu; P < 0.0001 for °Ac vs.
77Ly; P = 0.108 for 2*>Ac vs. tandem).

When mice were treated at a later time point of macroscopic dis-
ease (5 wk after inoculation), all treatment groups showed retarded
tumor growth relative to untreated mice (Fig. 5). However, the great-
est benefits were observed with 22>Ac-PSMA-617 monotherapy and
tandem approaches (P < 0.0001 for 25Ac vs. "7Lu; P < 0.0001 for
tandem vs. '"’Lu measured 5 wk after treatment). Median overall
survival increased from 7.9 wk (untreated) to 10.3 wk for '”’Lu-
PSMA-617, 13.2 wk for tandem therapy, and 14.6 wk for 2>°Ac-
PSMA-617 alone (P < 0.0001 for NT vs. 7/Lu; P < 0.0001 for
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FIGURE 4. Survival curves for mice treated 3 wk after inoculation with
77Lu/??Ac-PSMA-617 or in tandem. Median overall survival increased
from 8.3 to 9.4 wk for """Lu-PSMA-617, 14.1 wk for tandem therapy, and
15.3 wk for 2Ac-PSMA-617 alone (P = 0.337 for NT vs. """Lu, P < 0.0001
for tandem vs. "’Lu; P < 0.0001 for ?*°Ac vs. ""Lu; P = 0.108 for
225c vs. tandem). NT = no treatment.

Tanoem "Lu/”*Ac PSMA RLT v Mice

To our knowledge, this was the first
study reporting on the efficacy of
77Lu/*?5Ac-PSMA tandem-isotope com-
binations in a mouse model of prostate
cancer. In this work, we sought to com-
pare the treatment efficacy of the same tumor dose delivered by 3
different radiation mechanisms: B-particles ('7’Lu), a-particles
(®*®Ac), or both ("""Lu + ?25Ac). To do so, we first determined
comparable injected activities to yield comparable tumor doses by
conducting a full ex vivo biodistribution study using both '"’Lu-
PSMA-617 and *°Ac-PSMA-617. It is important to note that the
applied injected activities were chosen so as to expose the cancer-
ous lesions to comparable absorbed radiation doses, without
adjustment for the effectiveness of the type of radiation. Interest-
ingly, there was no significant difference in peak tumor uptake
of 77Lu- or 2*°Ac-PSMA-617 at 4h after injection; however,
increased tumor retention was observed at all subsequent time
points for mice treated with 22>Ac-PSMA-617 compared with
177Lu-PSMA-617. Although normal-organ biodistribution was not
the primary objective of this report, all biodistribution data are
available in the supplemental materials. In addition to the kidneys,
liver, salivary glands, and intestines included in this report, uptake
data for the following additional organs are available: blood, heart,
lungs, spleen, stomach (with contents), prostate, testes, muscle,
femur (with and without bone marrow), bone marrow, and brain.

In this work, we challenged a tandem-isotope approach against
an advanced model of widespread disease to compare the dynamics
of tumor control and overall survival. To more objectively compare
the treatment arms against one another, we first determined injected
activities for 7’Lu and ?*Ac that expose the tumors to similar
absorbed doses in the subcutaneous C4-2 model. We then designed
the tandem arm to be a combination of half of each respective
single-agent activity. The tandem-isotope approach was tested with
the intracardiac inoculation model of C4-2cells, at 2 different
stages of disease progression with different volumes of lesions.
Although subcutaneous tumors allow for straightforward uptake
quantification, and therefore interrogation into absorbed doses, they
fail to recapitulate the metastatic state. Dosimetry was not feasible
in the intracardiac inoculation model because the lesions are not
easily isolated, especially in microscopic stages. Translating dosim-
etry findings from subcutaneous models is one approach toward
standardizing the applied activity when the tumor burden is distrib-
uted throughout the mouse and direct dosimetry is not possible.
Furthermore, we sought to investigate the performance of tandem
therapy in a model that more faithfully represents the setting in
which treatment with a-particles (alone or in combination) would
actually be clinically warranted.

The intracardiac inoculation model is an aggressive prostate
cancer model in which mice, when left untreated, succumb to
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exceeds the lesion size at the time of early

treatment (3 wk). This results in a loss of
specificity to the targeted lesions and
attenuates tumor response, as confirmed in
this study.

Given the tissue range of less than
0.1 mm, a-particles from 22*Ac yield dense
Ly ionizing paths with little to no cross-fire
effect. For treatment at both stages of dis-
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FIGURE 5. Therapeutic efficacy for mice treated 5 wk after inoculation with '”"Lu/??*Ac-PSMA-617
or in tandem. (A) Mean =+ SD whole-body radiance over time (10 mice per group). Data are shown for
time points with 5 or more remaining mice. (B) Individual mouse fold change in radiance over time rel-

ative to disease burden at time of treatment. NT = no treatment.

extensive disseminated disease warranting euthanasia by 8 wk
after inoculation (Figs. 4 and 6). This model has previously been
shown to be sensitive to treatment with 2>Ac-PSMA-617 early in
the disease, but this work is the first effort, to our knowledge, at
challenging at a very advanced stage (5 wk after inoculation) (47).
By treating at 2 different stages of disease, we can also seek to
answer what size lesions most benefit from treatment with '7’Lu
or tandem approaches. At the onset of the earlier treatment time
investigated (3 wk after inoculation), the disseminated lesions are
approximately 200 wm in size, increasing to millimeter scale by 5
wk, as previously characterized (4/). When given at 3 wk, '"’Lu-
PSMA-617 as a single agent did not significantly improve tumor
control or survival relative to untreated mice (Fig. 4). However,
when lesions were millimeters in size at the time of treatment,
""7Lu-PSMA-617 retarded tumor growth and the mice conferred a
significant survival advantage. Failure of !7’Lu-PSMA-617 against
micron-scale lesions in the earlier treatment setting can be
explained by a mismatch between the target lesion size and the
pathlength of the therapeutic radiation. With a mean tissue range
of 600 wm (9), B-particles from '77Lu travel a distance that
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FIGURE 6. Survival curves for mice treated 5 wk after inoculation with
77Lu/P?Ac-PSMA-617 or in tandem. Median overall survival increased
from 7.9 to 10.3 wk for '7"Lu-PSMA-617, 13.2 wk for tandem therapy,
and 14.6 wk for ?*Ac-PSMA-617 alone (P < 0.0001 for NT vs. '""Lu,
P < 0.0001 for tandem vs. """Lu; P < 0.0001 for 22°Ac vs. "77Lu; P = 0.171
for ?°Ac vs. tandem). NT = no treatment.
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experienced the best tumor control (despite
not reaching statistically significant differ-
ences at all time points). Even when chal-
lenged with lesions on the millimeter scale,
the single agent 2>>Ac-PSMA-617 outper-
formed !"7Lu-PSMA-617. Interestingly,
halving the ?>*Ac activity in tandem with '”’Lu did not signifi-
cantly increase the whole-body disease burden as measured 5 wk
after treatment (Figs. 3A and 5A). In this model, the comparable
tumor control and survival between the full 22Ac dose and the tan-
dem dose regimen suggest that a reduced administered activity of
225A¢ could be adequately compensated with !”’Lu without signifi-
cantly sacrificing effectiveness. The superior therapeutic efficacy of
225Ac in the microscopic setting studied in this work suggests a
preference for a-emitters alone, or possibly in combination, for
treatment of microscopic or minimal residual disease.

This work compares therapeutic isotopes using a fixed activity
prescription for the tandem-isotope treatment arm. However, in the
few published studies describing tandem treatment approaches of
Y7Lu- and ?*Ac-PSMA-617 in the clinical setting, the applied
injected activities have been heterogeneous. The mean reported
activity of '"7Lu-PSMA-617 has ranged from 6 to 6.7 GBaq,
whereas the mean activity of 22>Ac-PSMA-617 has ranged from
2.7 to 4 MBq (35,37). Another study reported a median !”’Lu-
PSMA-617 activity of 6.9 GBq (ranging from 5.0 to 11.6 GBq)
and 5.3 MBq (ranging from 1.5 to 7.9 MBq) for >*>Ac-PSMA-617
(36). This wide range in applied activities precludes interpretation
of a recommended activity scheme, and the heterogeneity under-
scores that, in practice, the treatment activities should reflect the
individual patient condition. Additional studies are thereby needed
to establish maximum tolerated doses in tandem-isotope schemes.
One such prospective study examining the combination of !”’Lu-
PSMA-I&T and *?Ra (AlphaBet trial NCT05383079) is under
way using a fixed 7.4 GBq of '7"Lu-PSMA administration followed
by escalating activities of 22>Ra (48). Furthermore, prior treatments,
including the cumulative injected activity of '"’Lu-PSMA-617 as a
monotherapy if applicable, should also be considered in the activity
prescription. Yet another factor to consider in the design of
tandem-isotope treatments is the timing of the relative administra-
tions. Although our preclinical work investigated the simultaneous
administration of '7’Lu and *>°Ac, tandem treatment on consecu-
tive days or in the first few days of each cycle also warrants investi-
gation. Further work is required to understand the optimal
conditions under which to prescribe tandem-isotope approaches,
including how to adapt the treatment activities to reflect individual
patient tumor burden, metastatic extent, and prior treatments.

One limitation of the mouse models used in these studies is the
inability to recapitulate critical organ uptake as seen in patients
(i.e., in the salivary glands and kidneys). In the subcutaneous
tumor model, kidney uptake was higher with 22*Ac than with '7’Lu
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at 1 h after injection; however, no significant difference was observed
beyond the initial uptake phase. Clinically, kidney and salivary gland
equivalent doses from '7’Lu-PSMA-617 were reported in one study
as 0.39 and 0.36-0.58 Sv/GBgq, respectively (13). For 2> Ac-PSMA-
617, one dosimetry report calculated kidney and salivary gland doses
to be 0.74 and 2.33 Sv/MBgq, respectively (assuming a relative bio-
logic effectiveness factor of 5 for 2°Ac) (49). However, our biodis-
tribution study revealed no significant differences in submandibular
gland uptake between '"’Lu- and 2?°Ac-treated mice, and peak
uptake was less than 0.5% of injected activity at all measured time
points (Fig. 2). Given this inherent limitation in the translatability of
salivary gland toxicity, it was not within the scope of this study to
assess the preclinical feasibility of tandem-isotope treatment to
improve the toxicity profile.

CONCLUSION

Treatment of a microscopic model of prostate cancer with
40 kBq of °Ac-PSMA-617 or 20 kBq of *?*Ac in tandem with
17 MBq of !"7Lu resulted in significantly decreased tumor growth
compared with '"7Lu, which was ineffective as a single agent
against microscopic lesions, likely because of a mismatch of parti-
cle pathlength and lesion size. Mice treated later (when lesions
were millimeter scale in size) experienced significant tumor
growth retardation and survival benefit in both monotherapy and
tandem regimes of !77Lu- and ?2>Ac-PSMA therapy. However, the
greatest benefits were observed with 22°Ac-PSMA-617 as a single
agent and in tandem approaches. Further work is needed to iden-
tify the disease patterns and settings that most benefit from treat-
ment with B-particles, a-particles, or both.
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KEY POINTS

QUESTION: Does dual-isotope tandem """ Lu/?**Ac-PSMA
radionuclide therapy improve treatment outcomes in a mouse
model of disseminated prostate cancer?

PERTINENT FINDINGS: We determined equivalent tumor
dose—depositing injected activities of '’ Lu- and 2**Ac-PSMA-617
and tested treatment as single agents versus in combination
against different-sized lesions. 22°Ac alone, and in tandem with
77|y, was superior to '"’Lu as a single agent against microscopic
lesions. No significant difference was observed between the
tandem and 2?°Ac treatment arms.

IMPLICATIONS FOR PATIENT CARE: This work provides
efficacy data for '""Lu- and 2*°Ac-PSMA-617 as single agents and
in combination against lesions of micron to millimeter scale. These
data can be used as a basis for further investigations into the
disease conditions best suited for treatment with B-particles,
a-particles, or both.

Tanoem "Lu/”* Ac PSMA RLT v Mice
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Lesion Dosimetry for ['""Lu]Lu-PSMA-617
Radiopharmaceutical Therapy Combined with Stereotactic
Body Radiotherapy in Patients with Oligometastatic
Castration-Sensitive Prostate Cancer

Milan Grkovskil, Joseph A. O’Donoghuel, Brandon S. Imberz, George Andl? , Cheng Tu3, Daniel Lafontainel,
Jazmin Schwartz', Maria Thor', Michael J. Zelefsky?, John L. Humm', and Lisa Bodei*
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A single-institution prospective pilot clinical trial was performed to
demonstrate the feasibility of combining ['””Lu]Lu-PSMA-617 radio-
pharmaceutical therapy (RPT) with stereotactic body radiotherapy
(SBRT) for the treatment of oligometastatic castration-sensitive pros-
tate cancer. Methods: Six patients with 9 prostate-specific mem-
brane antigen (PSMA)-positive oligometastases received 2 cycles of
['"Lu]Lu-PSMA-617 RPT followed by SBRT. After the first intrave-
nous infusion of ['"7Lu]Lu-PSMA-617 (7.46 +=0.15 GBg), patients
underwent SPECT/CT at 3.2+ 0.5, 23.9+0.4, and 87.4+12.0h.
Voxel-based dosimetry was performed with calibration factors (11.7
counts per second/MBq) and recovery coefficients derived from
in-house phantom experiments. Lesions were segmented on baseline
PSMA PET/CT (50% SUVma). After a second cycle of ['"’Lu]Lu-
PSMA-617 (44 = 3 d; 7.50 = 0.10 GBq) and an interim PSMA PET/CT
scan, SBRT (27 Gy in 3 fractions) was delivered to all PSMA-avid oligo-
metastatic sites, followed by post-PSMA PET/CT. RPT and SBRT
voxelwise dose maps were scaled (/B = 3 Gy; repair half-time, 1.5h)
to calculate the biologically effective dose (BED). Results: All patients
completed the combination therapy without complications. No grade
3+ toxicities were noted. The median of the lesion SUV,.«x as mea-
sured on PSMA PET was 16.8 (interquartile range [IQR], 11.6) (base-
line), 6.2 (IQR, 2.7) (interim), and 2.9 (IQR, 1.4) (post). PET-derived
lesion volumes were 0.4-1.7 cm?®. The median lesion-absorbed dose
(AD) from the first cycle of ['7“Lu]Lu-PSMA-617 RPT (ADgpr) was
27.7Gy (range, 8.3-58.2 Gy; corresponding to 3.7 Gy/GBq, range,
1.1-7.7 Gy/GBq), whereas the median lesion AD from SBRT was
28.1Gy (range, 26.7-28.8 Gy). Spearman rank correlation, p, was
0.90 between the baseline lesion PET SUV,,ox and SPECT SUV,ax
(P = 0.005), 0.74 (P = 0.046) between the baseline PET SUV,,,,x and
the lesion ADgpt, and —0.81 (P = 0.022) between the lesion ADgpt
and the percent change in PET SUVox (baseline to interim). The
median for the lesion BED from RPT and SBRT was 159 Gy (range,
124-219 Gy). p between the BED from RPT and SBRT and the per-
cent change in PET SUV,,,.« (baseline to post) was —0.88 (P = 0.007).
Two cycles of ['77Lu]Lu-PSMA-617 RPT contributed approximately
40% to the maximum BED from RPT and SBRT. Conclusion:
Lesional dosimetry in patients with oligometastatic castration-
sensitive prostate cancer undergoing ['7’Lu]Lu-PSMA-617 RPT fol-
lowed by SBRT is feasible. Combined RPT and SBRT may provide an
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efficient method to maximize the delivery of meaningful doses to
oligometastatic disease while addressing potential microscopic dis-
ease reservoirs and limiting the dose exposure to normal tissues.

Key Words: prostate cancer; oligometastasis; ['””Lu]Lu-PSMA-617;
dosimetry; SBRT; biologically effective dose

J Nucl Med 2023; 64:1779-1787
DOI: 10.2967/jnumed.123.265763

Prostate cancer is the most common and the second most lethal
cancer among men in the United States, with 288,300 estimated new
diagnoses and 34,700 estimated deaths in 2023 (/). An oligometas-
tatic clinical state has been proposed as an intermediate point
between local and widespread disease (2). Patients with more limited
metastatic burden might thus benefit from aggressive metastasis-
selective therapy. In a recent pooled analysis of prospective random-
ized phase II trials in oligometastatic castration-sensitive prostate
cancer (omCSPC), median progression-free survival was prolonged
with metastasis-selective therapy compared with observation (3).
Stereotactic body radiotherapy (SBRT) is an effective way of
delivering high radiation doses for patients with oligometastases.
It has been widely adopted (4) as a generally well-tolerated treat-
ment strategy with high local control rates (5). Distant metastasis-
free survival rates are, however, modest (6), as patients often
develop metastatic cancer outside of the treated area (7). Targeted
radiopharmaceutical therapy (RPT) with [!7’Lu]Lu-PSMA-617
(Pluvicto; Novartis AG) is an efficacious systemic treatment,
delivering cytotoxic [-radiation to cells expressing prostate-
specific membrane antigen (PSMA) without causing excessive
normal-tissue toxicity (§—/0). Outcomes for omCSPC may be
improved by combining SBRT for focal therapy of bulk tumors
with ['7"Lu]Lu-PSMA-617 RPT to address microscopic disease
reservoirs (/7). Because of nonoverlapping toxicities, these treat-
ment strategies allow escalation of the combined absorbed dose
(AD) of radiation in the tumor and may act synergistically (12,13).
Because both use ionizing radiation, a quantitative metric combin-
ing the radiation ADs from each treatment into a biologically
effective dose (BED) can be calculated, which in turn can be used
in models to predict the response and toxicity (/4,15). Combina-
tion therapies with radiopharmaceuticals are becoming a new
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paradigm (/7), with 2 currently ongoing clinical studies using
external-beam radiotherapy (EBRT) and ['7’Lu]Lu-PSMA-617:
PROQURE-1 phase I trial (/6) and LUNAR phase II trial (/7).
The present study was performed to evaluate the feasibility of per-
forming composite lesional dosimetry in PSMA-avid omCSPC
patients undergoing theranostic ['”’Lu]Lu-PSMA-617 RPT fol-
lowed by SBRT.

MATERIALS AND METHODS

Patient Selection

The pilot clinical trial was approved by Memorial Sloan Kettering
Cancer Center’s Institutional Review Board (protocol 21-158;
NCT05079698), and all patients gave written informed consent regard-
ing the examination and use of anonymous data for research and publi-
cation purposes. Inclusion and exclusion criteria are available in the
supplemental materials (available at http://jnm.snmjournals.org). Briefly,
patients with a biopsy-confirmed adenocarcinoma of the prostate, a
prostate-specific antigen (PSA) level between 0.5 and 50 ng/mL, and a
primary tumor previously (>2 y) treated with surgery or definitive radi-
ation were considered. The oligometastatic patient population was
defined as oligorecurrence after definite prostate-directed therapy with
1-3 discrete sites of gross metastatic disease.

PSMA PET/CT Imaging

PSMA PET/CT was used to identify patients, gauge response, and track
efficacy (/8-20). PSMA PET/CT scans were performed at baseline, after
['"Lu]Lu-PSMA-617 RPT (interim), and after SBRT (post). Patients
were injected with 208 = 38 MBq (range, 167-266 MBq) of *®Ga-
PSMA-11 or 332 + 34 MBq (range, 266366 MBq) of '*F-DCFPyL and
imaged 71 = 9 min after administration (range, 60-95 min). Whole-body
(vertex of skull to proximal thigh) images were acquired on a GE Health-
care Discovery 710 PET/CT scanner. 'F-DCFPyL was previously
reported to result in an approximately 18% higher lesion SUV .« (21);
however, in that study, '®F-DCFPyL PET images were acquired 2 h after
injection versus 1 h after injection for ®®Ga-PSMA-11 PET. A separate
study indicated that the '®F-DCFPyL lesion SUV p,y increased by approxi-
mately 19% between 1 and 2 h (22). The CT images were acquired at
120 kVp, 56 mAs, and a 3.75-mm slice thickness. All PET emission data
were corrected for attenuation, scatter, and random events and iteratively
reconstructed into a 128 X 128 X 47 matrix (voxel dimensions, 5.47 X
547 X 3.27 mm) using an ordered-subset expectation maximization algo-
rithm (2 iterations, 16 subsets) incorporating time-of-flight and point-
spread-function modeling. A gaussian postprocessing filter of 6.4 mm in
full width at half maximum was applied. All screening and posttreatment
PSMA scans were reviewed by an experienced nuclear medicine physi-
cian, and lesions were scored using the structured PSMA reporting and
data system, version 1.99, radiographic criteria (23). Treatable oligometas-
tases were lesions scored as either 4 or 5 on this system.

['"Lu]Lu-PSMA-617 SPECT/CT Imaging

After the first intravenous infusion of ['7’Lu]Lu-PSMA-617 (7.46 +
0.15 GBq), patients were serially imaged on a Symbia Intevo Bold
(Siemens Healthineers AG) y-camera equipped with a medium-energy
collimator and 9.5-mm-thick crystals. Imaging consisted of a whole-
body planar scintigraphy (anterior and posterior; scan speed, 10 cm/
min) followed by a single-field-of-view SPECT/CT scan. SPECT/CT
start times were 3.2 * 0.5, 23.9 = 0.4, and 87.4 = 12.0 h after infu-
sion, with acquisition parameters as follows: 180° elliptic arc, step-and-
shoot mode with 64 stops, 20 s/stop, 20% acquisition window at
208 keV with an adjacent 10% scatter windows, and a 128 X 128 X
79 matrix (4.8 X 4.8 X 4.8 mm voxels). SPECT image reconstruction
was performed in HybridRecon version 3.0 (Hermes Medical Solu-
tions) and incorporated motion, attenuation, resolution recovery, and
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scatter corrections. An ordered-subset expectation maximization algo-
rithm (48 iterations, 1 subset) without a postprocessing filter was used
for image reconstruction (24,25). For SPECT quantification, a calibra-
tion factor (11.7 counts per minute/MBq) was derived from in-house
experiments with a !7’Lu-filled American College of Radiology SPECT
phantom without inserts. After the second ['7’Lu]Lu-PSMA-617
administration (7.50 = 0.10 GBq; 44 = 3 d after the beginning of cycle
1), whole-body planar scintigraphy (with same acquisition parameters
as used during the first cycle) was performed on the day of injection
only, with no SPECT imaging.

SBRT

Patients underwent SBRT on a Varian TrueBeam linear accelerator to
all PSMA-avid oligometastatic sites (prescription of 27 Gy in 3 fractions;
institutional standard for extracranial lesions) at 5 = 1 wk after the sec-
ond ['77Lu]Lu-PSMA-617 cycle and after simulation and radiation plan-
ning (Eclipse version 16; Varian Medical Systems Inc.) according to
Memorial Sloan Kettering Cancer Center’s Department of Radiation
Oncology guidelines. Before the treatment, patients were immobilized in
a reproducible position in a custom mold. A CT scan was acquired in the
treatment-planning position (120 kVp, 56 mAs, and 3-mm slice thick-
ness) on a Philips Big Bore CT simulator. The dose was prescribed to
the 100% isodose line, which completely encompassed the planning
tumor volume. SBRT was delivered with 6X flattening filter-free photon
beam profiles. Hot spots were limited to less than 110% of the prescrip-
tion dose. Normal tissues and lesions were contoured on the treatment-
planning CT to determine dose—volume histograms. The Digital Imaging
and Communications in Medicine dose, plans, structures, and CT data
were subsequently imported from Eclipse version 16.

Dosimetry

Voxel-based dosimetry was performed in Velocity version 4.2
Development Build (Varian Medical Systems Inc.). Lesions were seg-
mented on the coregistered PSMA PET/CT (50% SUV,,,x threshold)
and subsequently copied to the ['7"Lu]Lu-PSMA-617 SPECT/CT. AD
calculations were based on the time—activity data derived from each
patient’s set of 3 SPECT/CT images. Application of partial-volume
correction was based on recovery coefficients (RCs) derived from
in-house phantom experiments with a standard National Electrical
Manufacturers Association Image Quality phantom with 6 spheric
inserts (diameter, 10-37 mm). The phantom was imaged and analyzed
using acquisition settings and reconstruction parameters identical to
those used for the clinical protocol. Volumes of interest (VOIs) were
drawn on the CT image and subsequently copied to the SPECT image.
The fit to our RC versus sphere diameter data was

SPECT RC = 0.96 — 0.831/ (1 + (v /20_93)4"’5), Eq. 1
where sq4 is the sphere diameter in millimeters. Comparison with
RC obtained by other groups is presented in Supplemental Figure 1
(26,27). Voxel-based dosimetry was performed with the ACUROS
Molecular Radiotherapy algorithm within Velocity, which uses a
voxel-based fitting method that estimates a fitting function (sum of
exponentials) for each voxel by automatically selecting the most
appropriate model among a predetermined set via Akaike informa-
tion criterion (26).

As a cross-check, the area-under-the-curve (MBq-h/mL) and time-
integrated activity coefficients for lesions were also calculated according
to the scheme defined by the committee on MIRD (29). Cumulated
activity within the lesion VOI was determined by a trapezoid method
between the end of the infusion and the third SPECT scan and a mono-
exponential model without residual activity thereafter. Lesion ADs were
subsequently calculated using the sphere model in OLINDA/EXM ver-
sion 1.1 (Hermes Medical Solutions). A third method using multiple
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concentric oversized VOIs to determine the activity of a source was also
investigated (/0,30). Unlike the first 2 approaches, the latter method
does not require the use of RC.

BED scaling of both RPT and SBRT dose maps was performed in
Velocity. BED is defined as

BED =D - RE, Eq. 2

where D is the total dose and RE is the relative effectiveness. For
treatments with fractionated doses (i.e., SBRT), D and RE are
calculated as

D=n-d,

RE = (1 + j‘%)

where n and d are the number of fractions (3) and fraction size
(9 Gy), respectively. The /3 ratio was set to 3 Gy. For treatments
with an exponentially decaying source integrated to infinity (i.e.,
['7Lu]Lu-PSMA-617 RPT) and a monoexponential dose-rate
function, RE is defined as (14)
(e)
w+A\a/)’

Ry=\-D,

Eq. 3

Eq. 4

RE=1+

Eq. 5
Eq. 6

where R, is the initial dose rate (Gy/h), N is the effective decay
rate, and . is the repair rate (set to 0.462 h™!, corresponding to a
commonly used repair half-time of 1.5 h). In this special case,
M(n + M) is the Lea—Catcheside time factor. BED-scaled dose
maps were subsequently aligned (deformable multipass coregistra-
tion) and summed into a single resampled dose volume, from
which dose—volume histograms were extracted. Note that the
equieffective dose, EQD2.5 (Gy), where 2 refers to 2-Gy daily
fractions, can be calculated as

EQD2=D

Eq. 7

d+a/B
2+a/B]

For an o/ ratio of 3, an EQD2, of 3 is equal to 0.6 X BED
(BED is mathematically the same as a dose delivered in infinitely
small 0-Gy fractions).

Statistical Analysis

The Spearman rank-order correlation coefficient, p, was calculated to
evaluate the strength of association between various investigated
metrics. Metrics between different time points (baseline, post-RPT, post-
SBRT) were compared with the Wilcoxon signed-rank test (2-tailed).
Interquartile range (IQR) was used as a measure of statistical dispersion.
A P value of less than 0.05 indicated statistical significance. The statisti-
cal analysis was performed in MATLAB R2020b (MathWorks Inc.)
with Statistics and Machine Learning Toolbox version 12.0.

RESULTS

Six patients (median age, 74y; range, 51-78y) with PSMA-
positive metachronous oligometastases were included in the analysis
(Table 1). The first cycle of ['7’Lu]Lu-PSMA-617 RPT was admin-
istered between December 2021 and September 2022. The time after
the initial definite prostate-directed therapy was 7y (range, 4-24y).
Baseline PSA levels were 2.0 ng/mL (IQR, 1.2ng/mL). All patients
underwent hematologic safety and adverse event monitoring for at
least 4 wk after both cycles of ['7’Lu]Lu-PSMA-617 RPT. Two
patients experienced grade 2 toxicities after the combined treatment:
transient anemia and hyperbilirubinemia (the latter is probably unre-
lated; no patients had liver metastases). No grade 3+ toxicities were

ComBNED ['/LU]Lu-PSMA-617 RPT anp SBRT - Grkovski et al.

noted. Nine PSMA-positive lesions were identified by the nuclear
medicine physician. Lesion volume as measured on baseline PSMA
PET/CT was 0.8 cm® (range, 0.4-1.7 cm®), resulting in a median
SPECT RC of 0.20 (IQR, 0.01; range, 0.16-0.30). Median of the
lesion SUV ;. as measured on PSMA PET was 16.8 (IQR, 11.6),
6.2 (IQR, 2.7), and 2.9 (IQR, 1.4) at baseline, interim (i.e., after
completion of ['"’Lu]Lu-PSMA-617 RPT but before SBRT), and
post (i.e., after completion of SBRT), respectively. Percentage
change (%A) in SUV,,.« between baseline and interim PSMA PET
(calculated as 100% X (interim SUV ., — baseline SUV ,,,)/base-
line SUV .\, that is, %A;) was —65% (range, —82% to 44%;
P < 0.05). Corresponding %A between interim and post-PSMA
PET (i.e., %A,) was —43% (range, —74% to 31%; significance not
reached), whereas %A between baseline and post-PSMA PET (i.e.,
%A¢ota1) Was —74% (range, —91% to —30%; P < 0.05). The %A,
in the PSMA PET—derived maximum tumor-to-liver ratio (calcu-
lated as lesion SUV . /liver SUV can) Was —59% (P < 0.05),
whereas the corresponding %A, and %Ay, for the maximum
tumor-to-liver ratios were —49% and —77%, respectively (P <
0.05). The median %A in PSA between baseline and 3 mo after the
combined therapy was —83% (range, —97% to 58%; significance
not reached because of paucity of data), closely resembling the rela-
tive decrease in PSMA SUV ..

Seven of 9 lesions remained PSMA-avid after ['”’Lu]Lu-PSMA-
617 treatment, as assessed by a lesion uptake greater than the mean
liver uptake on the interim PSMA PET/CT scan. Liver SUV and
parotid SUV were not significantly different among the 3 PSMA
PET scans (liver SUV = 5.4, 4.6, and 5.0, respectively; parotid
SUV = 12.5, 124, and 10.5, respectively). Three of 9 lesions
(33%; lesions 1, 2, and 4) were visible on the standard-of-care
99mT¢-methylene diphosphonate planar bone scintigraphy (acquired
2.5-3h after 774 +51 MBq administration of **™Tc-methylene
diphosphonate) at both baseline and post-SBRT imaging. The
remaining lesions were lymph nodes (n = 5) or visceral (n = 1).
No additional lesions were noted on the **™Tc-methylene diphos-
phonate scans that were not visualized by PSMA PET/CT.

In patient 1, the 2 lesions could not be visualized on the single-
bed SPECT scan (380-cm axial field of view); therefore, dosimetric
calculations were performed for only 1 (n = 8 lesions in total).
Median of the lesion SUV .« as measured on ['"’Lu]Lu-PSMA-
617 SPECT was 3.7 (IQR, 1.5), 9.4 (IQR, 7.2), and 7.3 (IQR, 4.5)
on the first, second, and third SPECT, respectively. The highest
lesion SUV,..x was reached on either the second or the third
SPECT scan. The salivary glands were not within the SPECT field
of view for 5 of 6 patients.

The summary of dosimetry results is presented in Table 2. The
mean lesion AD from the first cycle of [!7’Lu]Lu-PSMA-617 RPT
(ADgpr; calculated from voxels within the tumor volume as
defined by the 50% threshold on PSMA PET) was 27.7 Gy (IQR,
17.5 Gy; range, 8.3-58.2 Gy), translating into 3.7 Gy/GBq (IQR,
2.4 Gy/GBgq; range, 1.1-7.7 Gy/GBq). As 3 electrons emitted from
77Lu have an approximate 0.6-mm range in soft tissue, most of
the energy will be absorbed within 1 cm® lesions. The mean BED
from RPT was 28.2 Gy (IQR, 18.5 Gy; range, 8.4-59.9 Gy; median
RE from RPT, 1.02). The medians of the maximum ADgpr and
maximum BED from RPT were 37.5Gy (IQR, 24.2Gy) and
38.5Gy (IQR, 25.4 Gy), respectively.

The median ADgpt Wwhen recalculated using the MIRD formal-
ism, and the sphere model in OLINDA was 32.7Gy (IQR,
20.4 Gy; range, 7.7-70.5 Gy), translating into 4.3 Gy/GBq (IQR,
2.8 Gy/GBq; range, 1.0-9.6 Gy/GBq). The corresponding median
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TABLE 2
Summary of Dosimetry Results

Mean ADgpt dgllliszpeg% Mean total from Mean BED from Mean total Maximum total
Patient (Gy/GBq)* SBRT (Gy) RPT (Gy)*¥ SBRT (Gy)T BED (Gy)® BED (Gy)®
1] 3.7 27.7 53 113 160 185
1[2] NA 27.9 NA 114 NA NA
2 [3] 5.0 28.1 73 116 186 217
3 [4] 2.9 28.8 41 121 158 171
4 [5] 7.7 28.4 114 118 219 258
4 [6] 5.1 27.9 75 114 187 209
4 [7] 3.7 28.2 54 116 158 179
5[8] 1.1 28.3 16 117 124 138
6 [9] 2.1 26.7 31 106 131 141
Median 3.7 (2.4) 28.1 (0.4) 58 (37) 116 (3) 159 (35) 182 (48)

*As calculated from first-cycle serial SPECT/CT imaging.

TMean within gross tumor volume.

*Total dose from both cycles, assuming second cycle contributes 90% of dose from first cycle. Mean within VOI is as defined on

PSMA PET/CT.

SMean BED from RPT and SBRT within VOI as defined on PSMA PET/CT. Mean BED from RPT and SBRT within gross tumor volume

was approximately 5% lower.
NA = not available.

Numbers in brackets are number of lesions; numbers in parentheses are IQR. Lesion 2 was not within SPECT field of view, assuming

o/ ratio of 3 Gy.

ADgpr calculated with a multiple concentric oversized VOI method
was 27.3 Gy (IQR, 10.2 Gy; range, 16.1-42.9 Gy), translating into
4.1Gy/GBq (IQR, 1.2Gy/GBq; range, 2.1-5.8 Gy/GBq). ADgpr
values calculated with both of these methods were strongly corre-
lated with ADgpr derived in Velocity (Spearman p of 0.83 [P =

0.015] and 0.86 [P = 0.011], respectively);
however, their correlation with baseline
PSMA SUV,,..« and %A, was weaker.

Median gross, clinical, and planning tumor
volumes for SBRT were 1.8, 4.6, and
8.8 cm’, respectively. The median of the
mean lesion AD delivered by SBRT calcu-
lated from voxels within the gross tumor vol-
ume) was 28.1 Gy (IQR, 0.5Gy), whereas
the median of the mean BED from SBRT
was 116.3 Gy (IQR, 3.8 Gy). The median RE
from SBRT was 4.13, reflecting the 9.4 Gy
delivered per fraction to the gross tumor vol-
ume. Corresponding values for maximum
AD delivered by SBRT and maximum BED
from SBRT were 29.7 Gy (IQR, 1.0 Gy) and
130.5 Gy (IQR, 6.8 Gy), respectively.

The normalized uptake as measured on
planar images from the second cycle was
approximately 85%-95% of the uptake
measured from the first cycle (normalization
with respect to background-corrected uptake
in liver, kidneys, and parotid gland; uptake
in these organs was assumed to remain
unchanged between the 2 cycles). The same
lesion regions of interest as drawn on the

planar images from the first cycle were used to measure the lesion
counts from the second cycle. Lesion shrinkage between the 2 cycles
was not accounted for (no significant lesion shrinkage was observed
between baseline and interim PSMA PET/CT). If it is assumed that
the second cycle delivers 90% of the dose from the first cycle, the

PSMA PET/CT
2022-04 Baseline 2022-09 Interim 2022-12 Post
SuUvV=10

ﬂ A - 4 » 4 .
o2 e 009
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FIGURE 1. Top: Maximume-intensity projections for 3 PSMA PET/CT scans of 72-y-old patient ini-
tially treated with radical retropubic prostatectomy in 1998 (patient 4). Oligorecurrent lymph nodes in
lower retrocaval (blue arrow), right posterior common iliac (red arrow), and superior presacral (orange
arrow) regions. Bottom: Axial CT slices, centered on lower retrocaval lymph node.
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Focal therapy remains important for
omCSPC (3), as the gross sites of disease
may be less responsive to complete elimi-
nation by systemic therapies. In the pre-
sent work, a theranostic strategy was
implemented in which patients with oligo-
: metastatic disease were identified by

PSMA PET, which was in turn used to

gauge the response and to track the treat-
Suv=0

SuUv=10

ment efficacy. This was a feasibility study,
a precursor to a phase I trial that will be
initiated soon (n = 27 patients; same
set of interventions as the current study).
The decision to administer 2 cycles of
['"7Lu]Lu-PSMA-617 RPT was made up
front given the increased bioavailability of
the radiopharmaceutical in normal tissues

FIGURE 2. Top: Maximum-intensity projections for 3 ['""Lu]Lu-PSMA-617 SPECT/CT scans of
patient 4. Oligorecurrent lymph nodes in lower retrocaval (blue arrow), right posterior common iliac
(red arrow), and superior presacral (orange arrow) regions. Bottom: Axial CT slices, centered on lower

retrocaval lymph node.

median for the mean lesion BED from combined radiopharmaceuti-
cal and EBRT (BED from RPT and SBRT) was 159Gy (IQR,
35QGy; range, 124-219 Gy), corresponding to a prescription of
33.6 Gy in 3 fractions. The median of the maximum BED from RPT
and SBRT was 182Gy (IQR, 48 Gy; range, 138-258 Gy), corre-
sponding to a prescription of 36.2 Gy in 3 fractions. The total contri-
bution of 2 cycles of RPT to the mean and maximum BED from
RPT and SBRT was 34% (range, 13%—52%) and 40% (range, 18%—
61%), respectively. If an o/f ratio of 3 is substituted with an a/3
ratio of 1.5, the total contribution of ['”’Lu]Lu-PSMA-617 RPT
would decrease to 24% because of its low dose rate. The dosimetry
workflow for a representative case is presented in Figures 1-3.

Correlations between various indices are presented in Figures 4
and 5. Neither ADgpr nor interim PET SUV,,,, was significantly
correlated with the %A,, with a p of 0.12 and 0.29, respectively.
Analysis was also repeated by substituting SUV . with SUV jeai
(supplemental materials).

DISCUSSION

The sequential or concurrent combination of cancer therapies
may act in an additive and possibly even a synergistic way to
increase site-specific coverage of the overall cancer treatment.

due to low-volume metastatic disease in
this cohort of patients compared with the
VISION trial in which patients had signifi-
cant castration-resistant disease (8). An
effort to be conservative was made given
that it was not known how castration-sensitive patients with low-
volume disease would tolerate the drug. The increased bioavail-
ability of the radiopharmaceutical due to the limited absorption in
small-volume disease needs to be factored in when treating earlier
stages of disease. The combination of RPT and SBRT addresses
this issue by intensifying the radiation on the target and limiting
the exposure of normal tissues. It is likely that the clinical signifi-
cance of late radiation damage, in particular, radiation nephropa-
thy, is strongly linked to life expectancy. The dosimetry was
exploratory and was not used to guide treatment in patients that
exhibited lower [!7’Lu]Lu-PSMA-617 ADs, had a higher PSA
doubling rate, or had a poor PSA response to cycles 1 and 2.
Treatment intensification could be achieved by increasing the
number of cycles (31), increasing the activity per cycle, decreasing
the time gap between cycles, or some combination of these. The
requirement for accurate dosimetry for optimizing combined-
modality approaches is probably most relevant for normal-tissue
toxicity. We expect that the importance of dosimetry will increase
as RPT is applied earlier in the disease process, especially if the
clinical results suggest there is a rationale for dose escalation.

In our previous study with 133 men who received salvage radio-
therapy (median of 20 mo after radical prostatectomy), approximately
70% of PSMA PET-—positive cases were oligorecurrent (32). The
metastasis-selective combination of systemic
targeted RPT, followed by focal EBRT, is a

['"’Lu]Lu-PSMA-617 RPT (7.54 GBq) SBRT (27 Gy in 3 fractions)

REL(2:cvcles):.SERT novel concept with a strong rationale: both

modalities use ionizing radiation and can
thus be quantified and compared in terms
of BED; RPT with ['7’Lu]Lu-PSMA-617
enables tumor dose escalation without sub-
stantial toxicity to nearby organs; the combi-
nation of ['’Lu]Lu-PSMA-617 RPT and

ol

BED -5 (By)

SBRT allows for the intensification of thera-

FIGURE 3. Axial views of voxelwise dose maps of patient 4, focused on lower retrocaval lymph
node. From left to right: BED (assuming o/ ratio of 3 [BED, - g]) from first cycle of [""Lu]Lu-
PSMA-617 RPT only, from SBRT, and from combined therapy. If second RPT cycle delivers 90% of
AD from first cycle, total mean and maximum lesion BED,; - 3 would be 219 and 258 Gy, respec-
tively, corresponding to prescription of 40.1 Gy (mean) and 43.9Gy (maximum) in 3 fractions or
EQD2,/5 - 3 of 131 Gy (mean) and 155 Gy (maximum). Two cycles of [""Lu]Lu-PSMA-617 RPT were
estimated to contribute 52% and 61% to combined mean and maximum BED, g - s, respectively.
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peutic ADs to the target while limiting the
exposure of the organs at risk more than if
treating with ['7"Lu]Lu-PSMA-617 alone,
escalated to provide similar tumor ADs;
['""Lu]Lu-PSMA-617 has the potential to
deliver a cytotoxic payload to disseminated
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The 2 main components of the uncer-
tainty in RPT dosimetry are the variability
associated with contour delineation and
the volume- and sphere-based RC (25,39).
A 50% threshold on PET was chosen
because it was previously reported to
result in the smallest mean differences
from morphologic volume measurements

20 el 0 L} 4

Wt B o» ]
Basaline PSMA PETSUY,

10 o
Bansline PSMA PET SUV___

(Bland—Altman analysis (40)) and most

L3
SPECTSUV,

FIGURE 4. Correlations between imaging and dosimetry-based metrics: SPECT SUV s« vs. baseline
PSMA PET SUV ax (A), ADgpr Vs. baseline PSMA PET SUV, .« (B), and ADgpr vs. SPECT SUVpax (C).

occult PSMA-expressing microscopic disease that is below the resolu-
tion limits of modern PET scanners; SBRT can provide a high-
radiation AD to the larger oligometastatic sites for which the RPT
radiation dose might be subtherapeutic; and protracted low-dose radia-
tion might serve as a primer dose that sensitizes cancer cells to subse-
quent high-dose-rate radiotherapy (33). In the omCSPC setting, the
proposed combination therapy may result in the delay of castration
resistance and the need for androgen-deprivation therapy. A recent
prospective phase III trial concluded that a single-dose radiation ther-
apy (24 Gy, corresponding to a BED [assuming an o/ ratio of 3] of
216 Gy) for the treatment of omCSPC results in a lower 3-y cumula-
tive incidence of local recurrence and distant metastatic progression
than does a standard (27 Gy in 3 fractions, corresponding to a BED
[assuming an o/ ratio of 3] of 108 Gy) SBRT regimen (~5% com-
pared with ~22%, respectively) (34), indicating that comprehensive
ablation of oligometastatic lesions, for which ['”’Lu]Lu-PSMA-617
RPT may help facilitate, is associated with significant mitigation of
distant metastatic progression.

A PET-derived ASUV ., of at least 75% has been suggested to
strongly predict freedom from local failure in patients undergoing
oligometastasis-directed ablative radiotherapy (35). The observed
median lesion ADgrpr of 3.7 Gy/GBq is comparable to previously
published results from 10 studies on lesion dosimetry of ['7"Lu]Lu-
PSMA-617 (36). Correlations between aspects of screening PSMA
PET and tumor and normal-tissue dose provide a rationale for
patient-specific dosing (37). In patients with low-volume metastatic
CSPC, the AD in organs appears to be similar or lower in the sec-
ond ['77Lu]Lu-PSMA-617 cycle, suggesting that the bioavailability
does not increase in later treatment cycles (10). A trend of decreas-
ing AD in lesions over cycles was previously observed for
['"Lu]Lu-PSMA I&T (38).

closely corresponds to volumes delineated
on a PSMA PET/MRI scan (47). PET-
derived volumes also closely correspond
in size to CT-derived volumes; however,
in 2 cases, the lesions were not seen on the
CT. When lesions were segmented with a 40% or 30% threshold
instead of a 50% threshold, the resulting ADgpr was approxi-
mately 10% and 40% lower, respectively. Optimal threshold
depends on multiple factors such as lesion size and lesion-to-
background ratio (42). RCs also depend on factors other than the
volume of the object, such as shape and activity distribution, with
the dependence being largest for extreme departures from spheric
geometry (43). No account was taken of nonuniform RPT dose
distribution. Even for large tumors, assessing this issue is limited
by the spatial resolution of SPECT, and derived quantities such as
dose volume histograms may be more of a reflection of SPECT
image limitations than underlying dosimetric nonuniformity. A
limitation of the current study is that the inaccuracies associated
with quantifying activity in small lesions with SPECT have not
been validated via phantom experiments. For objects with sizes
comparable to or smaller than the spatial resolution of emission
tomographic imaging cameras, substantial underestimation in the
apparent radioactivity concentration is observed, leading to, for
example, an approximately 50X lower apparent calculated AD for
0.25 cm® lesions (44). However, the observed good agreement
between lesion ADs calculated in Velocity and an additional
method using multiple concentric oversized VOIs, which enables
activity quantification without partial-volume correction (10,30),
increases confidence in the quantification approach as imple-
mented in Velocity.

Although BED does not have a definitive mechanistic underpin-
ning that relates it to cellular biology and does not incorporate reoxy-
genation, it accounts for the effect of AD rate (/4) and is shown to
better correlate with toxicity than does AD (45). MIRD pamphlet
no. 20 demonstrated equivalent BED response curves for both
external-beam data and peptide-receptor data (46). The linear qua-
dratic model is reasonably well validated up
to 10 Gy/fraction (47); however, the upper

FIGURE 5. Relationship between lesion BED and PSMA PET-assessed response to ['/Lu]Lu-
PSMA-617 RPT before SBRT (i.e., interim) (A) and after SBRT (i.e., post) (B).
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A limit of fraction sizes for which the model
Easeling PSMAPETSUV, Basoling PEMA PETSUV, . L. .

sr @ % - % remains valid is uncertain (48). In ultra-

s L ks SPSE—— high-dose ra.diation therapy (>12 Gy frac-

_ N tions), a unique dual-target mechanism of

é_‘“‘ % & 1m0 i action has been observed that is fundamen-

o = £ i tally distinct from the classic fractionation
3 ?13“ . . . .

B QE model, linking a transient microvascular

i o = vasoactive dysfunction to the repression of

10 s P s high-fidelity homologous recombinatory

; ’ repair of radiation-induced DNA damage

o o . o0 o . 1
T, g e peiinpis (49). Radiosensitivity may also differ within
a lesion, between lesions, and among

patients and is possibly influenced by prior
therapy (50). Moreover, the fractionation
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response (ratio of radiobiologic parameters o and (3, traditionally
established from in vitro cell-colony experiments) of prostate can-
cers has yet to be rigorously defined. To combine the radiobiologic
effect of different modalities, the same o/f3 ratio must be used.
Operationally, an o/ ratio of 3 Gy was chosen because it is within
the range of reported values for prostate cancer for low-dose-rate
brachytherapy and relatively low-dose-per-fraction EBRT (we antic-
ipate that these general findings are likely to be equally applicable
to low-dose-rate RPT) and for hypofractionated SBRT (57). Cur-
rently, there is no consensus on what radiobiologic parameter values
to use for RPT with ['”’Lu]Lu-PSMA-617 (and if those from EBRT
apply) and what is the best approach for relating RPT to EBRT
dose response (52). The tumor microenvironment, intratumor geno-
mic heterogeneity, intercellular dose nonuniformity, inflammation-
or immune-mediated effects, cell-cycle phase, and chemical factors
such as tissue oxygen saturation also impact the biologic response;
however, these were not considered in the current work.

CONCLUSION

We demonstrate the feasibility of performing lesional dosimetry
in patients with omCSPC undergoing ['”’Lu]Lu-PSMA-617 RPT
followed by SBRT. Combined RPT and SBRT may provide an
efficient method to maximize the delivery of meaningful doses to
oligometastatic disease while addressing potential microscopic dis-
ease reservoirs and limiting the dose exposure of normal tissues.
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KEY POINTS

QUESTION: Is combination therapy with ['””Lu]Lu-PSMA-617
RPT and SBRT for the treatment of omCSPC feasible?

PERTINENT FINDINGS: The proposed combination therapy was
well tolerated. Composite lesional dosimetry revealed a relatively
high attainable maximum BED of more than 180 Gy, with 2 cycles
of ['""Lu]Lu-PSMA-617 RPT contributing approximately 40% to
the combined maximum BED.

IMPLICATIONS FOR PATIENT CARE: Combined ['""Lu]Lu-
PSMA-617 RPT and SBRT may provide an efficient method to
maximize the delivery of meaningful doses to omCSPC tumors
while addressing potential microscopic disease reservoirs and
limiting the dose exposure of normal tissues.
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Molecular radionuclide therapy is a relatively novel anticancer treat-
ment option using radiolabeled, tumor-specific vectors. On binding of
these vectors to cancer cells, radioactive decay induces DNA damage
and other effects, leading to cancer cell death. Treatments, such as
with ['77Lu]Lu-octreotate for neuroendocrine tumors and ['77Lu]Lu-
PSMA for prostate cancer, are now being implemented into routine
clinical practice around the world. Nonetheless, research into the
underlying radiobiologic effects of these treatments is essential to fur-
ther improve them or formulate new ones. The purpose of the Euro-
pean Working Group on the Radiobiology of Molecular Radiotherapy
is to promote knowledge, investment, and networking in this area.
This report summarizes recent research and insights presented at the
second International Workshop on Radiobiology of Molecular Radio-
therapy, held in London, U.K., on March 13 and 14, 2023. The sympo-
sium was organized by members of the Cancer Research U.K.
RadNet City of London and the European Working Group on the
Radiobiology of Molecular Radiotherapy.

Key Words: cancer treatment; collaboration; external-beam radiother-
apy; molecular radionuclide therapy; radiobiology

J Nucl Med 2023; 64:1788-1790
DOI: 10.2967/jnumed.123.265956

This second workshop (a hybrid meeting) on molecular radio-
nuclide therapy was a follow-on from the call-to-arms editorial arti-
cle published in 2019 (/) and the inaugural meeting in 2021 in
Montpellier (2). The aim of this workshop was to update the com-
munity on the current state of the art and research on radiobiology
in the field of molecular radionuclide therapy (MRT), to be inspired
by research performed in the field of external-beam radiotherapy
and cancer biology, and to network during dedicated times in the
schedule. In total, 120 attendees (100 live and 20 online) from 11
countries participated in talks, debates, and poster sessions. Prof-
fered talks, posters, and poster pitches were selected from more
than 40 abstracts.
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Jonathan Wadsley from the University of Sheffield, U.K., gave
the first keynote lecture, highlighting the state of the art of MRT,
and indicated where efforts are best invested for impactful clinical
success. He started with an overview of current clinical indications
for MRT such as '3!I for thyroid cancer, 22*Ra for prostate cancer
bone metastases, radioembolization, ['7’Lu]Lu-octreotate for neu-
roendocrine tumors, and ['7’Lu]Lu-PSMA for prostate cancer.
Future work, he proposed, should focus on novel tumor indica-
tions, novel radionuclides, and combination treatments. He dis-
cussed 6 gaps in our current knowledge, indicating the challenges
in standardized dosimetry and poorly understood radiobiology:
how we can personalize therapy to ensure that each patient
receives the most effective absorbed dose to treat the tumor while
maintaining safety and not damaging organs at risk; what absorbed
doses are being delivered, and what the radiobiologic significance
is of dose-rate effects; what the radiobiologic consequences are
of different types of emissions with different energies and path-
lengths; how tumor heterogeneity is managed; what the role of
radiosensitizers is; and what the effect of immune interactions on
therapeutic efficacy can be. Wadsley also discussed some lessons
learned from clinical trials (e.g., the SELIMETRY trial) and where
we as a community might best lay our efforts to achieve impactful
clinical success, such as by focusing on personalizing treatment to
ensure that every patient gets the maximum possible benefit from
the activity delivered and by performing rigorous, multidisciplin-
ary clinical trials addressing meaningful clinical questions such as
dosimetry, radiobiology, and molecular biomarkers.

A series of proffered talks highlighted the best-scored abstracts
that had been submitted. Simone Kleinendorst (Radboudume, Nijme-
gen, The Netherlands) discussed the potential of combining carbonic
anhydrase IX-targeted "’Lu treatment with immune checkpoints
inhibitors. Hanna Berglund (Uppsala University, Sweden) talked
about how p53 stabilization potentiates ['7’Lu]Lu-octreotate therapy
in neuroblastoma. Jordan Cheng (King’s College London, U.K.)
highlighted the option of using chemotherapeutics targeting replica-
tion to enhance [!”’Lu]Lu-octreotate therapy in vitro.

The second session focused on the role of the tumor microenvi-
ronment (TME) and immune response in MRT efficacy. The first
talk was an invited lecture by Julie Constanzo from the Montpel-
lier Cancer Research Institute, France, on the topic of MRT and
vesicle signaling in the context of anticancer immunity. She
showed how the TME plays a major role in the cellular response
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to radiotherapy (including MRT). MRT acts via induction of tar-
geted effects (such as direct DNA breaks) and nontargeted effects
(such as via excretion of cytokines, extracellular vesicles, danger-
associated molecular patterns, or chemokines). The latter will lead
to direct killing of surrounding cells or activation of the immune
system. Furthermore, her work showed that membrane targeting
with radionuclides can activate the cGAS-STING pathway (cyclic
guanosine monophosphate—adenosine monophosphate synthase and
stimulator of interferon genes). She also showed that extracellular
vesicles play a role in enhancing the therapeutic effect via the
immune system, since extracellular vesicles isolated from MRT-
treated cells can effectively be used to treat immune-competent
xenografted mice but not immunodeficient mice. Future work will
focus on the combination of MRT with immune checkpoint inhibi-
tors and when to use this combination. What would, for example,
be the best treatment schedule and which patients would be
eligible?

The session was continued with proffered talks on submitted
abstracts. Yasmine Bouden (University of Montpellier, France)
gave a talk on the role of double-stranded DNA contained in extra-
cellular vesicles released by irradiated cells. Gemma Dias (Univer-
sity of Oxford, U.K.) talked about her work on the antitumor
immune response induced by ['7’Lu]Lu-PSMA, and Sapna Lunj
(University of Manchester, U.K.) showed her data on the systemic
immune response induced by MRT in men with prostate cancer.
The session was followed by poster pitches from the highest-
ranked poster abstracts. Concluding the first day, participants were
divided into groups and were asked to discuss 4 questions and
upload their answers in Padlet, an online visual board for organiz-
ing and sharing content. Question 1 was, “My research in radionu-
clide therapy would progress if I could just....” Question 2 was,
“The next big thing should be....” Question 3 was, “What other
suggestions do you have on how to progress the field?”” Question 4
was, “How will we fund this?” All answers were compiled and
discussed during an audience-engaged discussion on day 2.

The second day started with an invited talk by Isabel Pires from
the University of Manchester, U.K., who gave an extensive over-
view on how to target hypoxia biology as a radiosensitizing
approach in breast cancer. Years of research by many groups has
shown that hypoxia causes resistance to radiotherapy, as well as
increased genomic instability, increased metastatic potential, meta-
bolic and angiogenic switches, and stemness. Pires discussed her
work on WSB-1, an E3 ligase associated with hypoxia signaling.
WSB-1 is a HIF1 target and has a positive feedback loop with
HIF1. High expression of WSB-1 is associated with poor progno-
sis (distant metastasis—free survival) for hormone receptor—nega-
tive breast cancer patients, and downregulation leads to decreased
angiogenic and metastatic capacity in vitro and in vivo. More
recent data indicate that WSB-1 could regulate the DNA damage
response, which gives opportunities for combination treatment
strategies. She concluded with the statement that WSB-1 could be
a potential novel breast cancer gene biomarker for dysfunctional
DNA damage response in hypoxic breast cancer. Similarly
detailed radiobiologic studies should be on the horizon for MRT.

During the audience-engaged discussion, the outcomes of the
group discussion of the first day were debated. The participants saw
various promising developments both in the lab and in the clinic,
including novel treatment options such as drug combinations and
the use of Auger electron emitters. In addition, the participants indi-
cated that more emphasis should be put on radiogenomics, dosime-
try, and novel models such as 3-dimensional spheroids and animals.

SEcoND SymposiuM oN MRT RapioBioLoGY — *

Furthermore, they concluded that it is essential to include radiobiol-
ogy and dosimetry in clinical practice—for example, to enable bio-
marker research and to develop quick and easy functional tests for
patient selection and prediction of therapy efficacy. The audience
showed a clear consensus on standardization of terminology (e.g.,
what is this therapy called: molecular radionuclide therapy, radio-
pharmaceutical therapy, or targeted radiotherapy?). The audience
also found that it is essential to better report on experimental proce-
dures and use appropriate controls to allow for standardization and
increase reproducibility. Additionally, the participants believed there
to be a great need for better interaction and knowledge exchange
within the community. The working group is currently following up
on these points.

The second keynote talk was by Fran Balkwill of Queen Mary
University of London, U.K. She talked about how the TME might
influence MRT success. Cancers are not just masses of malignant
cells but complex organs, to which many other cells are recruited
and are sometimes corrupted by the transformed cells. Interactions
between those cells create the TME, which can vastly differ
between different tumor types. Balkwill showed her team’s work
on high-grade serous ovarian cancer, which often metastasizes to
the omentum. Mouse models can be used to study this tumor type
and its response to treatment since there are many common ele-
ments between mouse and human samples, such as the type of
infiltrated immune cells. Her work showed that chemotherapy can
stimulate the immune response and modulate the TME and that,
to study this change, it is essential to obtain pre- and posttreat-
ment samples. Very recent work showed live imaging of human
tissue slices and cocultures of different types of cells to follow
tumor and immune cell movement using antibodies (data not
published).

The last 2 sessions of the conference comprised the last proffered
talks. Paula Raposinho and Ana Belchior (both from the Technical
University of Lisbon, Portugal) talked about cellular studies using
%7Ga- and !"’Lu-labeled nanoparticles for theranostics of glioblas-
toma and dosimetric challenges from nanoscopic patterns to bio-
logic effectiveness, respectively. Emmanuel Deshayes (Montpellier
Cancer Research Institute, France) gave a lecture on the dose—effect
relationship in tumors and healthy organs for patients treated with
['’Lu]Lu-DOTA-octreotate. The last 2 talks focused on drug
screens to find novel combination treatments. Edward O’Neill
(University of Oxford, U.K.) used a clonogenic assay—based drug
screen to identify cyclin-dependent kinase 4/6 inhibitors as poten-
tial radiosensitizers for '7’Lu-based MRT, and Thom Reuvers
(Erasmus University Medical Center Rotterdam, The Netherlands)
performed a plate reader—based high-throughput screen and identi-
fied DNA-protein kinase catalytic subunit inhibitors as potent
radiosensitizers of [!”’Lu]Lu-DOTA-octreotate.

Simone Kleinendorst was awarded first place for the best oral
presentation, and Thom Reuvers and Sapna Lunj were jointly
awarded second place. Isabella Strobel was awarded first place for
the best poster, and Anthony Waked and Katarina Gleisner were
jointly awarded second place.

The radiobiology of MRT is gaining much attention, and various
studies are showing an important role for clinical MRT implemen-
tation. Symposia such as this are highly effective opportunities for
networking and establishing novel collaborations. Although grow-
ing, the field is not yet overcrowded; in fact, we would go so far as
to state that researching the biologic mechanisms that influence
radionuclide therapy effectiveness would make an excellent niche
for many early-career researchers, as well as more established
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academics, to move into. At the workshop, follow-up meetings
were also planned to identify concrete ways forward for the work-
ing group. Equally, the scholar-in-training committee will now be
reinstated to increase the visibility of scholar-in-training members
within the radiobiology-of-MRT community and will work to offer
networking and community opportunities. Several recommenda-
tions were made to help the community move the field of MRT for-
ward at a faster pace, including standardizing the name of MRT to
aid visibility among other research areas, sharing protocols, collab-
orating more, and standardizing reporting of results. Additional
information is available online (www.mrtradiobiology.com).
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KEY POINTS

QUESTION: This symposium set out to enable a networking
opportunity for biologic researchers working in MRT and ascertain
how they as a group should best proceed.

PERTINENT FINDINGS: Several suggestions were made to help
move the field of MRT forward at a faster pace, including creating
a scientist-in-training committee, sharing protocols, collaborating
more, and standardizing reporting of results.

IMPLICATIONS FOR PATIENT CARE: By moving the field

of MRT forward through new connections and more in-depth
biologic research, further highly effective therapeutic options will
become available for patients.
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203pp s a surrogate imaging match for 2'2Pb. This elementally
matched pair is emerging as a suitable pair for imaging and targeted
radionuclide therapy in cancer care. Because of the half-life (51.9h)
and low-energy y-rays emitted, 2°*Pb is suitable for the development
of diagnostic radiopharmaceuticals. The aim of this work was to opti-
mize the production and separation of high-specific-activity 2°*Pb
using electroplated thallium targets. We further investigated the radio-
chemistry optimization using a suitable chelator, tetraazacyclodode-
cane-1,4,7-triacetic acid (DO3A), and targeting vector, VMT-a-NET
(lead-specific chelator conjugated to tyr3-octreotide via a polyethyl-
ene glycol linker). Methods: Targets were prepared by electroplating
of natural or enriched (2°®Tl) thallium metal. Scanning electron micros-
copy was performed to determine the structure and elemental com-
position of electroplated targets. Targets were irradiated with 24-MeV
protons with varying current and beam time to investigate target dura-
bility. 2°°Pb was purified from the thallium target material using an
extraction resin (lead resin) column followed by a second column
using a weak cation-exchange resin to elute the lead isotope as
[2%3Pb]PbCl,. Inductively coupled plasma mass spectrometry studies
were used to further characterize the separation for trace metal con-
taminants. Radiolabeling efficiency was also investigated for DO3A
chelator and VMT-a-NET (a peptide-based targeting conjugate).
Results: Electroplated targets were prepared at a high plating density
of 76-114 mg/cm? using a plating time of 5 h. A reproducible separa-
tion method was established with a final elution in HCI (400 pL, 1 M)
suitable for radiolabeling. Greater than 90% recovery yields were
achieved, with an average specific activity of 37.7 = 5.4 GBg/umol
(1.1 £ 0.1 Ci/pmol). Conclusion: An efficient electroplating method
was developed to prepare thallium targets suitable for cyclotron irradi-
ation. A simple and fast separation method was developed for routine
203pp production with high recovery yields and purity.
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deiopharmaceuticals can be used for diagnostic or therapeu-
tic applications based on the incorporated radionuclide. The term
theranostic is a portmanteau word for therapy and diagnostic. In
theranostics, an imaging surrogate is used to guide delivery of a
personalized dosage for a disease condition (/,2). In nuclear medi-
cine, theranostic radiopharmaceuticals use a common precursor to
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diagnose and treat the disease condition using radionuclides with
similar or identical chemistry but decay properties that are suitable
for imaging and therapy (3). In this context, 2°>Pb and 2!?Pb repre-
sent an elementally identical radioisotope pair that is particularly
well suited for the development of theranostics.

Food and Drug Administration approved agents such as NET-
SPOT ([*®Ga]Ga-DOTATATE; Advanced Accelerator Applications)
and LUTATHERA (['7"Lu]Lu-DOTATATE; Novartis) are routinely
used in clinical settings for the diagnosis and therapy of somatostatin
receptor positive neuroendocrine tumors (4,5). However, despite
the potential of these theranostic agents, different radionuclides for
imaging and therapy may often require different methods for chemis-
try optimization and different chelators. In addition, the in vivo bio-
distribution profiles of these radiopharmaceuticals labeled with ®Ga
or '”7Lu may be different (6,7). Therefore, to better match the diag-
nostic and therapeutic counterparts, elementally matched isotope
pairs are highly desired. Elementally matched radiopharmaceuticals
use the same radioactive element with isotopes that have decay prop-
erties making them suitable for diagnostic imaging (B */y-emitting)
and therapeutic (o/B~ emitting) applications. In this way, the in vivo
biodistribution is identical and the imaging surrogate can be used to
understand and predict the pharmacokinetics of the therapeutic. In
addition, the use of an elementally matched isotope pair for theranos-
tics adds confidence to dosimetry, thereby providing potentially
more accurate treatment planning. Table 1 provides a list of elemen-
tally matched isotopes for theranostic matched pairs.

2035ph and 2!2Pb are an emerging, elementally matched pair of
high interest. 2°°Pb decays to stable 2°>T1 by electron capture with
the emission of a low-energy +y-photon (279keV, 81%) and no
radioactive daughter, making it suitable for SPECT imaging appli-
cations (8). 212Pb is a daughter of ?**Ra and decays by emitting 2
B and one « particle, making it suitable for therapeutic applica-
tions (9-11). 2!2Pb is typically available from a >**Ra/>'?Pb gener-
ator, but commercial-scale manufacturing is feasible because of
relatively straightforward chemistry for purification.

The present study investigated the production of 2°*Pb via pro-
ton irradiation of thallium targets (*°>Tl(p,3n) 2°Pb) and develop-
ment of a robust separation method to obtain a final product of
high specific activity. A simple 2-column separation method was
developed that requires small elution volumes with a separation
time of less than 2 h. The final product was eluted in HCI1 (400 pL,
1 M), making it feasible for radiolabeling and shipping to other
facilities. Further evaluation for radiolabeling was performed with
a DO3A chelator to develop a standard operating procedure for
apparent molar activity (AMA) analysis. Elemental analysis was
determined using inductively coupled plasma mass spectrometry
(ICP-MS) to analyze the impurities in the final product.
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TABLE 1
Characteristic Properties of Elementally Matched Theranostic Isotope Pairs

Diagnostic Therapeutic
Radionuclide Half-life Decay Energy* (keV) Radionuclide Half-life Decay Energy* (keV) Reference
203pp 51.8h EC (100%) 279 (81%) 212pp 10.6h B~ (100%) P :40.9 (5%), (8,22
93.3 (81.5%),
171.4 (13.7%),
v: 238 (46.3%)
54Cu 12.7h BT (17.8%), 511 (35%), 57Cu 61.9h B~ (100%) 395 (45%), (23,24)
EC (43.8%) 1,345 (0.5%) 484 (35%),
577 (20%)
E5y 14.7h BT (31.9%), 443 (16.9%) ey 64h B~ (100%) 932.4 (99.9%) (25,26)
EC (68.1%) 628 (32.6%)
124) 4.2d B* 603 (61%), 131 8d B~ (100%) 284 (6.14%), (27,28)
1,691 (11%) 365 (81.7%),
637 (7.17%)
1921 175h B + EC (100%) 344 (63.5%) 149Tp 41h o (17.7%) o: 3 967 (29,30)
149Th 41h EC (82.3%) 165 (26.7%), 81T 6.9d B (100%) 137.7 (25.7%),
352 (29.8%), 157.4 (65%)
388.6 (18.6%)
1%5Th 53d EC (100%) 86.5 (32%),
105.3 (25%),
180 (7.5%)
43¢ 3.9h BT (98%), 373 (22.5%) 4sc 33d B (100%) 159.4 (68%)  (31-35)
440g5¢ 3.9h BY (94%) 1,157 (100%)
*Intensity.

EC = electron capture.

MATERIALS AND METHODS

All reagents were purchased from Sigma Aldrich unless otherwise
noted. Additional details are provided in the supplemental materials
(supplemental materials are available at http://jnm.snmjournals.org).

Thallium Target Preparation by Electroplating

An electroplating bath was prepared following the procedure from
Suparman with some modifications (/2). Briefly, the electroplating
bath was prepared by mixing 250 mg of ["*TI]T1,05 or [***TI]T1,03,
hydrazine hydrate (300 L), NaOH (1 g), and ethylenediaminetetra-
acetic acid (1.5 g) in 10 mL of water. Copper (1.5-mm thickness) or
gold (1-mm thickness) backings of 25-mm diameter were used as the
cathodes. An electroplating station (Fig. 1) was designed and manu-
factured to help optimize uniform target mass deposition on a copper
or gold coin. The details of the procedure are provided in the supple-
mental materials.

Target Irradiation and Purification of 2°°Pb

All target irradiations were performed on an Advanced Cyclotron
Systems TR24 cyclotron. Using an Advanced Cyclotron Systems 90°
solid target holder (/3), electroplated target disks of 2°T] were manu-
ally loaded in the target holder and irradiated at 24 MeV with varying
currents from 5 to 40 wA and durations of 15 min to 3 h. The optimal
beam profile and transmission were determined through maximization
of the ion source injection system and the beamline vertical and hori-
zontal focusing quadrupole magnet system settings on the cyclotron.
With an effective beam energy of 24 MeV, the best transmission ratio
was 93% with a 10%—15% beam spill on target collimators (top/
bottom and left/right). A higher beam spill was chosen to help with
cooling, provide better beam spread, and avoid a pinpoint beam spot
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that leads to target failure. With a pneumatic release system, irradiated
target disks were loaded into lead containers and transferred for further
processing. Targets were left overnight to allow for decay of short-
lived isotopes, including 2°'Pb (half-life, 9.3 h) and >**"Pb (half-life,
67.2 min).

For separation of 2°>Pb from the thallium target material, irradiated
targets were dissolved in HNO; (5-7 mL, 2 M) with gentle heating to
90°C. The dissolved target was loaded onto a solid-phase extraction
column (1 mL) containing an extraction resin (lead resin; Eichrom)
(50 mg), which was preconditioned with water (10 mL) and HNO;
(10 mL, 2 M). The solution was pushed through the column at 0.5—
0.8 mL/min using a syringe or peristaltic pump. The resin was washed
with additional HNO; (10 mL, 2 M) to allow maximum removal of
thallium target material from the resin bed. **Pb was eluted using
sodium acetate (5 mL,1 M, pH 5.5). This elution was loaded onto a sec-
ond column containing 50 mg of weak cation-exchange resin previously
preconditioned with water (5 mL) and NaOAc (5 mL, 1 M, pH 5.5). The
resin was washed with HCI (1 mL, 0.01 M), and 2*Pb was eluted as
[23Pb]PbCl, using HCI (400 pnL,1 M). The fractions were analyzed
with y-ray spectroscopy. The separation scheme is shown in Figure 2.

ICP-MS

To investigate the trace metal impurities, ICP-MS analysis (Agilent
7700x) was performed for common contaminants including thallium,
iron, copper, zinc, and stable lead in the final elution. Details of sam-
ple preparation are provided in the supplemental materials.

AMA Evaluation
AMA (GBg/pmol) was calculated by titration of [2°>Pb]PbCl, with
DO3A chelator (Supplemental Fig. 1B). The ratio of radiolabeling
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FIGURE 1.

yield (%) versus concentration of chelator (log[DO3A] [mol]) was
plotted using GraphPad Prism for the half-maximal effective concentra-
tion calculation. Results are reported as GBq (Ci)/pmol. Complexation
was analyzed using instant thin-layer chromatography silica gel (iTLC-
SG) using 50 mM ethylenediaminetetraacetic acid as the mobile phase.

Radiolabeling

The VMT-a-NET targeting conjugate (Supplemental Fig. 1B) was
used for radiolabeling studies (/4). Stocks were prepared in NH,OAc
(0.5 M, pH 5). Radiolabeling was performed using mass amounts
from 100 to 0.5 pg of the desired compound. Reactions were incu-
bated for 20 min at 70°C. Instant thin-layer chromatography silica gel
plates were used to confirm complexation using 50 mM ethylenedi-
aminetetraacetic acid as the mobile phase. Results were analyzed using
GraphPad Prism and reported as MBq (mCi)/mmol.

RESULTS

Electroplated Thallium Target Preparation
To produce 2°3Pb, thallium metal ("*T1/2°°T1) was used to prepare
targets. Extreme toxicity, low melting point, and nonavailability

(A and B) Electroplating setup used for target preparation. (C-F) Copper and gold backings before (C and D) and after (E and F) electroplating.

of thallium metal foils led us to explore an electroplating approach
to target preparation (/5,16). Electroplating conditions were opti-
mized for electroplating periods extending from 1 to 5 h and solution
pH ranging from 8§ to 13. An approximately 14.5 = 4 mg/h plating
rate with a plating density of 76-114 mg/cm?® was achieved on a reg-
ular basis (n = 16), and a pH of more than 12.5 was found to be
most suitable for rapid deposition of thallium metal. The electroplat-
ing bath could be reused several times (~7-8 reactions) with regular
replenishing of target material, which eliminated the need to recycle
the target material after every plating cycle. However, further inves-
tigation is required to develop a methodology for recycling the start-
ing thallium metal. A schematic of the electroplating setup used for
the plating process is shown in Figure 1. Targets were prepared on
copper and gold backings.

To analyze the relationship between target density and plating
time, targets were plated for 1 and 5h. Scanning electron micro-
scopy was performed on the electroplated targets to determine the
structure and elemental composition of the target prepared. For
thallium targets prepared on copper backings, there were observ-

able differences between the 1- and 5-h

#1 Load: HNO; (2 M)
#2 Wash: HNO; (2 M)
#3-5 Elution: NaOAc (1 M, pH 5.5)

Silica weak cation

Elution exchange resin

#1 Load: NH,OAc (1 M, pH 5.5)
#2 Wash: HCI (0.01 M)

#3 Elution: HCI (1 M)
¥}

FIGURE 2. Separation scheme of 2®Pb purification from thallium target material. MQ = Milli-Q

(Millipore Sigma).

PropucTiON OF 2%3PB UsING ELECTROPLATED 2%°T1

- plating patterns in scanning electron micro-
g?a::?n:itsi:‘n: Columnn 1 Column 2 ?’?e]::nc?nr;:?n: scopy analysis, indicating a nonunifqrm
MQ water MQ water plating at 1h whereas a uniform plating
RN Naohe (1 M pH o) pattern was observed at the 5-h plating time

point (Figs. 3A and 3B). However, gold
Pb resin —» | ¢ Carboxymethyl (CM) backings showed uniform plating patterns

at both the 1-h and the 5-h plating time
points (Figs. 3D and 3E). Overall, 75% =
5% of the thallium in the electroplating
solution was deposited after Sh. In addi-
tion, the percentage deposition of thallium
in the final plating was found to be inde-
pendent of plating time. Both gold and
copper backings were observed to have ap-
proximately 89.3% = 1.6% (by weight)
thallium element deposited, with the re-
mainder of the material composed of oxy-
gen for both 1h and 5h as shown in the
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FIGURE 3. Representative scanning electron microscopy images of copper (top) and gold (bottom) backing. (A and B) Analysis at 1 h after plating.
(D and E) Five-hour time point for copper and gold backing, respectively. (C and F) Energy-dispersive x-ray analysis spectra for both gold and copper

backing, respectively.

energy-dispersive x-ray analysis spectra in Figures 3C and 3F. Since
thallium has a very high propensity to oxidize (/5), a significant
amount of oxygen (10.6% * 1.6%) was also observed in scanning
electron microscopy analysis. No other elemental peaks were found
in the energy-dispersive x-ray analysis spectra. To achieve the pro-
duction of the highest-purity 2°>Pb possible, we explored the use of a
99.1% enriched 2°°Tl target material, which contained trace levels of
other contaminants such silver, zinc, boron, sodium, and silicon as
described in the material’s certificate of analysis (Supplemental
Table 1). The elemental analysis of the plated target material by
scanning electron microscopy confirmed the presence of only thal-
lium and oxygen, suggesting that high-purity 2%Tl targets are
achievable if electroplating is used.

Target Irradiation and Purification of 2°°Pb

The complete separation scheme of 2°*Pb from thallium target
material is as shown in Figure 4. We observed negligible (<2%)
lead isotopes in the eluate and nitric acid wash, whereas the lead
isotopes were eluted in NaOAc buffer (SmL,1 M, pH 5.5) in the
first column. During optimization of the separation procedures, we
observed inconsistency in the chemical behavior of 2**Pb when
stored in NaOAc for a longer period, which was most likely due
to its hydrolyzation at this pH. In addition, to achieve more than
95% elution of 2°3Pb, a large volume of NaOAc buffer (5-6mL)
was required. Therefore, concentration and purification of the elu-
tion from buffer to a more suitable labeling concentration was
required. To address these challenges, a second column was used
to further purify the 2°>Pb. Final elution of 2°*Pb separation from
the enriched thallium target (**>T1) was achieved in a small fraction
of HCI (~400 nL, 1 M), with average recovery yields of 92.3% =+
3.5% (n = 3). At the end of processing, 4,477 = 444 MBq
(121 = 12mCi) 2%3Pb was obtained in the final elution (decay cor-
rected to end of bombardment). The isotopic composition of the
final elution product was found to be 2**Pb (>99.5%) and 2°'Pb
(<0.5%) as analyzed by vy-ray spectroscopy. The average produc-
tion yields of 32.9 £6.3 MBg/pA-h (0.9 = 0.2mCi/wA-h) were
achieved with a 98 * 16 mg target.
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Our separation method required about 1 h from column loading
to elution from the second column, with a very small final volume
(<400 L) and more than a 95% recovery yield.

ICP-MS

ICP-MS analysis was performed to further quantify the separa-
tion method and determine the presence of trace metal contamina-
tion. Results were compared for enriched 2°°TI targets for copper
and gold backings as shown in Table 2. The method developed
indicated a good separation, with only a small amount of thallium

Column 1 Column 2

100+
95+
90
85+

% Recovery

FIGURE 4. Separation results for column 1 and column 2, with percent-
age recovery of °®Pb (n = 3, enriched target material 2°°TI).
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TABLE 2
ICP-MS Results of Final 2°3Pb Elution to Determine Metal Contaminants

Backing Target Iron Copper Zinc Thallium Lead
Copper 0S| 0.01 +0.01 0.40 +0.48 0.09 + 0.05 0.22 +0.38 0.16 = 0.06
Gold 2087 0.01 +0.00 0.01 +0.01 0.19+0.08 Below LOD 0.20 +0.08

LOD = limit of detection.
Data are micrograms for final elution fraction of 400 p.L.

(550 £950ppb or 0.2*0.4ng) and lead (400 = 150ppb or
0.2 £ 0.1 png) in the final 400 L elution fraction. Significant SDs
were observed in the reported results and are likely due to process
variabilities in different batches.

During optimization of the separation method for 2°*Pb, practi-
cal steps were taken to minimize the amount of residual trace
metal contaminants in the product solution to improve the overall
molar activity. For example, stable lead contamination is one of
the primary concerns due to abundance of lead bricks in radio-
chemistry facilities. Therefore, the working station lead bricks
were covered to reduce the amount of nonradioactive lead in the
final elution and significantly reduced this contaminant. For copper
backings, we found milligram amounts of copper in the dissolved
target coming from dissolution of the backing in the HNOs;,
whereas switching to a gold target material alleviated this issue as
indicated in Supplemental Table 2. The extraction resin is highly
selective for lead isotopes in 2M HNOs, which was confirmed
during the separation because minimum breakthrough of lead
(<2%) was observed in the flowthrough and the first wash of
nitric acid as shown in Supplemental Table 3.

The molar activity of the final elution was also calculated using
ICP-MS, and the average specific activity was about 5 TBq/pwmol
(4,745 £ 2,657 TBq/g) for an average batch size of 7.5+ 1.4
GBg/mL (202.5 + 38.7mCi/mL).

AMA Evaluation

To determine the AMA, the DO3A chelator was used for titration
analysis. Figure 5B represents the instant thin-layer chromatography
graph for radiolabeled DO3A. AMA was calculated using the
amount of radiolabeled versus free radioisotope. The average AMA
(Fig. 6) was 37.7 = 5.4 GBq/pumol (1.1 = 0.1 Ci/pmol) (n = 3).

Radiolabeling Studies
Radiolabeling studies were optimized for the VMT-a-NET tar-
geting conjugate, and a molar activity of 40.6 = 11 GBg/pmol

(1.1 = 0.3 Ci/pumol) was achieved, indicating a high molar activity
of 253Pb. A representative instant thin-layer chromatography silica
gel graph illustrating the radiolabeled [2°*Pb]Pb-VMT-a-NET is
shown in Figure 5C. It was important to understand whether the
final product remained stable with similar radiolabeling yields
over time. Thus, radiolabeling studies were performed for 2 con-
secutive days, and no changes in labeling efficiency were observed
in the final product.

DISCUSSION

This work represents a method of production and separation of
203ph using an enriched 2°°Tl reaction route and electrochemistry
for target preparation. Thallium metal has a very low melting
point, which was initially a concern during targetry optimization.
Electroplating of targets from dissolved T1,O3; was determined to
be the preferred route. Targets were manufactured that could with-
stand irradiation times of up to 4h and currents of 40 wA when
irradiated with a 24-MeV incident beam energy without melting.
In addition, the electroplated target enabled irradiation at 24-MeV
proton incident energy without any degradation, which was not
feasible with a powder target.

Irradiated targets resulted in suitable yields with a small amount
of target material (<100 mg). However, the plated targets were
peeling off when plating density exceeded 150 mg/mm?, and no
consistent plating results were observed above this density. There-
fore, for routine production, the plating density was kept below
150 mg/mm?.

The cross section for 2°*Pb production via the 2°°Tl(p,3n)***Pb
reaction route is a maximum at 26 MeV (o = 1,244 mb), indicat-
ing that a 30-MeV cyclotron could produce higher yields. How-
ever, a significant amount of the high cross section could be
captured with a TR-24 cyclotron. With enriched thallium target
material, production yields were significantly higher (32.9 *
4.1 MBg/pA-h [0.9 = 0.1 mCi/wA-h]) than previously published
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1 3 500 g N L
1,500 — - ] u ] i
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FIGURE 5. Instant thin-layer chromatography silica gel graph for unlabeled [2°*Pb]PbCl, (A), [2**Pb]Pb-DO3A (B), and [2**Pb]Pb-VMT-NET (C).
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FIGURE 6. Representative AMA measurement for [2°>Pb]Pb-DO3A (n = 3).

production routes for 2°3Tl(d,2n)***Pb (5.8 MBq/nA-h [0.2 mCi/
wA-h]) (17) and 2%TI(p,n)***Pb (6.3 MBg/pA-h [0.2 mCi/wA-h])
(11). Theoretic production yields were calculated to be 38.1 MBq/
wA-h (1.03 mCi/pA-h) for a 100-mg enriched target material with
24-MeV incident beam energy. The experimentally measured
results (32.9 4.1 MBg/pA-h [0.9 £ 0.1 mCi/pA-h] [n = 3])
were in close agreement with the theoretically predicted numbers
for 24-MeV incident proton beam energy.

Isolation and purification of 2°>Pb from the postirradiation dis-
solved target using extraction resin chromatography were accom-
plished using a straightforward method that achieved high recovery
yields after separation of more than 95% in the final elution. A
small loading volume and controlled flow rate of 0.5mL/min
throughout the separation helped to minimize breakthrough of
203pb in the loading and washing steps. A second column using
weak cation-exchange resin was used to further concentrate and
purify 2%3Pb from any residual Tl or trace metal contaminants and
also enabled the final elution in a 400-pwL volume. These methods
have been tested with up to 3 GBq (80 mCi) of 2>Pb, confirming
the successful separation. Previous work by Garmestani et al. (17)
established separation methods for 2>Pb using the 23Tl(d,2n)***Pb
reaction route. However, large elution volumes required additional
drying steps resulting in production yields of 2.1 MBg/pnA-h
(0.1 mCi/pA-h) for natural and 7.5 MBq/pA-h (0.2 mCi/pwA-h) for
approximately 250-mg enriched 29Tl targets (17). Recent work by
McNeil et al. (/1) found a successful production method for 2°Pb
using "™TI and 29Tl targets. Although the separation yield was
reported to be 73.8% = 2.1%, a significant amount of 2°>Pb was
lost in the initial load (8.7 = 0.3%) and wash (~5%) steps (/).
Recently, Nelson et al. (/8) developed a production and separation
method using 2°°Tl as a target material. Their separation method
resulted in more than 83% recovery of 2%*Pb as [2**Pb]PbCl, in
a 4-mL final volume in less than 4h with production yields of
23.3 MBg/pA-h (0.6 mCi/wA-h) using a 250-mg powder target
(18). Previous studies reported in the literature also worked with
a high amount of starting material—between 250mg and 4g
(11,18,19). Comparing our results with previous literature, we opti-
mized an electroplating method to produce 2°Pb for fast and con-
sistent results with a small amount of starting material (~100 mg).

Separation of 2>Pb from enriched 2°°T1 using the extraction resin
is very specific to lead, with minimum breakthrough in the initial
load and wash (Supplemental Table 3 for complete separation).
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The target material was dissolved in HNOs (5 mL, 2 M) at a temper-
ature of 90°C and loaded on an extraction resin column. Overall, a
very small amount of radioactive waste was generated while keep-
ing the load and wash volumes small.

Gold coins were tested because of high amounts of measured cop-
per (~tens of milligrams) in the dissolved target solution when using
copper backings. Such high amounts of copper could make it difficult
to recycle the enriched target material in the future and introduce a
possibility for contamination in the final 2°*Pb elution. In addition to
cold contaminates, the copper backing produces y-ray emitting zinc
isotopes (such as %°Zn; half-life, 244 d), exposing personnel to poten-
tially higher doses after bombardments. At the current bombardment
angle, most of the 24-MeV incident energy is stopped on the copper
backing, resulting in long-lived Zn radioisotopes emitting high-energy
photons. Comparatively, gold is resistant to dissolution under harsh
acid conditions with better heat conductivity. In addition, proton irra-
diation of gold backing produces mercury isotopes such as '°’™Hg
(23.8h [133 keV (intensity of vy-rays (L), 33.5%), 279keV (L,, 6%)]),
8Hg (64h [77keV (I,, 18.7%)]), '™Hg (41.6h [261keV (L,
31%), 387.8keV (I, 2.18%), 560keV (I,, 7.1%)]), and '*tHg
(10.5h [180keV (1, 1.9%), 207keV (1, 1.6%), 261keV (I,, 1.6%),
and 585keV (I,, 2%)]). Although these radiocontaminants have a
small cross section for energy below 20MeV, these are relatively
short-lived, implying that the gold backing could be reused after a sig-
nificantly shorter decay time than for a copper backing (the contami-
nant with the longest half-life is ©Zn: 244 d [1.12MeV (I, 50%))),
making gold ideal as a backing material.

To compare the difference between electroplated thallium tar-
gets using gold and copper backings, high-purity germanium spec-
tra (Supplemental Fig. 2) and ICP-MS analysis (Table 2) results
were compared for the dissolved thallium target. ICP-MS analysis
from previous studies by McNeil et al. (/) indicated 1.5 = 0.7 pg
of stable lead and 175 = 105 pg of thallium in the final elution.
Higher amounts of trace metal contaminants, specifically stable
lead, can affect the molar activity of 2°Pb. Our separation resulted
in 0.2 £ 0.1 pg of stable lead in a 400-pL final volume, yielding
a high molar activity of 4,745 = 2,657 TBq/g (~5 TBg/pmol)
(n = 3). Previous reports of specific activity range include
52 TBq/g (32 GBg/pmol) by McNeil et al. (calculated on the basis
of the data provided) (/7), 405 = 108 TBq/g by Li et al. (19), and
4,150 TBq/g (2.1 TBq/p.mol) by Nelson et al. (18). Using ICP-MS,
molar activity of 266.4 MBq/p.mol (7.2 mCi/pumol) was reported by
Mithé et al. (20) and 15 MBg/pmol (0.4 mCi/pmol) by Yao et al.
(21), compared with a molar activity of about 5 TBq/pwmol reported
in the present study.

The molar activity numbers were not close to the theoretic spe-
cific activity of 1.1 X 10° TBq/g (3 X 10° Ci/g), but the numbers
reported in this work are the highest yet reported to our knowledge.
It is also worth mentioning that the molar activity calculations were
performed for small batch sizes of about 3.7 GBq (~100 mCi), and
we anticipate improvement in these numbers as the batch size
increases. AMA was also analyzed using a titration analysis with
DO3A chelator, yielding a result of 37.7 = 5.4 GBg/pmol (1.1 =
0.1 Ci/pwmol).

CONCLUSION

This project aimed to develop a robust target preparation
method for production of high-specific-activity 2°*Pb via proton
irradiation and an accompanying separation method to address
the high demand for 2°>Pb as an imaging-compatible surrogate for
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the in vivo a-particle generator 2'2Pb. With a suitable half-life
(51.8h), large production batches could be shipped to a large geo-
graphic area to fulfill the needs for preclinical and clinical studies.
We established a production method using enriched 25T and
electroplated targets that can withstand beam currents of up to
40 pA. With a 3-h irradiation, an average production yield of
4.6 =£0.43 GBq (126 = 11.8 mCi) was obtained. The separation
method for 23Pb was developed, and more than 95% overall sepa-
ration yields were achieved in less than a 400-pL final volume,
indicating a robust separation method. A standard operating proce-
dure was also optimized for determining the AMA using DO3A
chelator, and a high molar activity of about 37 GBg/pwmol
(1 Ci/pmol) was routinely achieved.
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KEY POINTS

QUESTION: Is it feasible to produce significant amounts of 2°°Pb
with high molar activity using enriched 2°°Tl target material?

PERTINENT FINDINGS: An electroplating method was developed
to prepare target material (2°®T) that could withstand a 24-MeV
incident beam and high current without using a degrader. A
separation method was developed to achieve approximately 95%
recovery yields of 2%Pb with a processing time of less than 1.5 h.
293pp production batches of 9.2 GBg/mL were achieved using a
small amount of target material.

IMPLICATIONS FOR PATIENT CARE: This work addresses a
shortage in the availability of the theranostic matched pair
203pp/212pp for clinical applications.
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A methodology for determining tau PET thresholds is needed to
confidently detect early tau deposition. We compared multiple
threshold-determining methods in participants who underwent either
8F_flortaucipir or "®F-MK-6240 PET scans. Methods: '8F-flortaucipir
(n = 798) and '8F-MK-6240 (n = 216) scans were processed and
sampled to obtain regional SUV ratios. Subsamples of the cohorts
were based on participant diagnosis, age, amyloid-f status (positive
or negative), and neurodegeneration status (positive or negative), cre-
ating older-adult (age = 55y) cognitively unimpaired (amyloid-
B-negative, neurodegeneration-negative) and cognitively impaired
(mild cognitive impairment/Alzheimer disease, amyloid-B—positive,
neurodegeneration-positive) groups, and then were further sub-
sampled via matching to reduce significant differences in diagnostic
prevalence, age, and Mini-Mental State Examination score. We used
the biostatistical estimation of tau threshold hallmarks (BETTH) algo-
rithm to determine sensitivity and specificity in 6 composite regions.
Results: Parametric double receiver operating characteristic analysis
yielded the greatest joint sensitivity in 5 of the 6 regions, whereas
hierarchic clustering, gaussian mixture modeling, and k-means clus-
tering all yielded perfect joint specificity (2.00) in all regions. Conclu-
sion: When '8F-flortaucipir and '8F-MK-6240 are used, Alzheimer
disease—related tau status is best assessed using 2 thresholds, a
sensitivity one based on parametric double receiver operating char-
acteristic analysis and a specificity one based on gaussian mixture
modeling, delimiting an uncertainty zone indicating participants who
may require further evaluation.

Key Words: tau; PET; Alzheimer disease; '®F-flortaucipir; '8F-MK-6240
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Alzheimer disease (AD) pathology, characterized by amyloid-f3
(AB) and hyperphosphorylated tau aggregation, starts accumulating
decades before the onset of the clinical dementia phenotype (). The
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development of imaging and fluid biomarkers has facilitated noninva-
sive detection and disease progression monitoring. Additionally, such
biomarkers have proven useful for predicting clinical progression and
the risk of cognitive decline, as well as for determining inclusion, tar-
get engagement, and outcome measures in clinical trials.

The AB (A), tau (T), and neurodegeneration (N) framework was
developed to take advantage of these available imaging and fluid
biomarkers and dichotomize them (as positive [+] or negative [—])
to discriminate between non-AD and AD continuum participants (2).
The establishment of biomarker thresholds depends on the clinical or
research question posed, which may benefit from a threshold that
favors sensitivity or specificity. For example, if the research question
aims at detecting early cortical tau deposition, it would be preferable
to adopt a more sensitive threshold. On the other hand, if, for exam-
ple, there is an antitau therapeutic trial, a more specific threshold
would be preferable to ascertain robust levels of cortical tau to evalu-
ate both target engagement and treatment efficacy. Previous work
has defined biomarker thresholds for classifying cases as A+ or A—
and as N+ or N—, examples of which include dichotomizing neuro-
imaging measures or cerebral spinal fluid or plasma measures of A
and either glucose metabolism or cortical thickness, respectively (3).

Although tau accumulation is associated with short-term clinical
progression and cognitive decline rate in A+ individuals (4,5), a con-
sensus method for tau threshold determination remains elusive (6).
Another important aspect to consider is that clinical studies use many
different tau PET tracers, which vary in degree of nonspecific bind-
ing, off-target binding, dynamic range, and kinetic behavior (7). These
tau tracers include '®F-flortaucipir (Tauvid [Eli Lilly and Co.], previ-
ously known as '®F-AV-1451 and ®F-T807) (8), '8F-MK-6240 (9),
8E_THK-5317, '8F-THK-5351, ''C-PBB3, '®F-R0-948, '$F-P1-2620,
8E.GTP1, and '®F-PM-PBB3 (7). This diversity complicates imag-
ing result interpretation, tau load measure comparison, and tau PET
signal standardization for determining tau status.

There are several potential methods for determining the appropri-
ate tau PET threshold: cluster analysis, receiver operating character-
istic (ROC) analysis, iterative outlier detection, z scores (as with
CenTauR, (/0)), gaussian mixture modeling, and control group
percentiles (3,11). Although it would be ideal to establish a single
tau status threshold based on a universal tau load scale, as with
centiloids for AR (12), there have been few head-to-head studies of
tau tracers on which to base such a scale (/3,/4). One proposed
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scale, termed CenTauR (/0), defines a universal mask for sampling
across tracers and a method for standardizing tau load indices to a
common scale. Until a universal scale is adopted, it may be best to
establish a methodology for tau threshold determination.

Varying regional sampling strategies have been used to identify
pathologic tau accumulation considering the various tau pathologic
phenotypes and tracer-specific off-target binding patterns. Previ-
ously suggested regions involve combinations of the entorhinal,
parahippocampal, middle and inferior temporal, lateral occipital,
fusiform, supramarginal gyrus, and inferior parietal regions as
well as the amygdala and banks of the superior temporal sulcus
(3,15,16). One proposed composite region, based on its being a
locus of early AD-related tau deposition, even in the absence of
AB (17), is the mesial temporal lobe, which comprises the entorhi-
nal, parahippocampal, fusiform, and amygdala regions. Because
mesial temporal lobe tau deposition is associated with primary age-
related tauopathy (/8), a common pathology in older adults, other
composite regions have been proposed that may be more specific
for early AD-related tau deposition. One example, the meta tempo-
ral region proposed by Jack et al. (2), combines the mesial tempo-
ral lobe subregions with the middle and inferior temporal gyri.

The present work describes the biostatistical estimation of tau
threshold hallmarks (BETTH) algorithm: our examination of different
biostatistical approaches to establish tau thresholds for the 2 most
widely used tau agents, '3F-flortaucipir and '8F-MK-6240, as tested in
6 composite regions and against clinically diagnosed test cases with
the goal of identifying the threshold-determining methods that yield
the greatest regional sensitivity and specificity for early AD-related tau
deposition. Specifically, we aim at potentially

determined using MRI-based composite cortical thickness measures (CT
composite) applying a cutoff of 2.7mm for optimal sensitivity (3).
Cognition was reported as the Mini-Mental State Examination score,
and clinical diagnosis was reported as normal cognition with no subjec-
tive cognitive complaint, mild cognitive impairment, or AD.

Data Selection

Dichotomized samples of participants from the cohorts were selected
to maximize the likelihood that they would be T— or T+. Cognitively
unimpaired (CU) individuals were clinically categorized as no-subjective-
cognitive-complaint participants who were A— and N—. Cognitively
impaired (CI) individuals were clinically categorized as AD or mild-
cognitive-impairment participants who were A+ and N+. To limit
potential bias from the significant differences (P < 0.05) in age, cogni-
tion, and clinical diagnosis between the dichotomized samples (Supple-
mental Table 2), we subsampled the dichotomized '®F-MK-6240 set by
selecting only participants who had continuous measures of A load
(centiloid scores), collected under the Australian Imaging, Biomarkers
and Lifestyle Flagship Study of Ageing. Then, using the R (version
4.2.1) (21) Matchlt tool (22) and variable ratio matching, we drew par-
ticipants from the dichotomized '®F-flortaucipir set to match the sub-
sampled '8F-MK-6240 set on the basis of age, Mini-Mental State
Examination score, global centiloid indices, and CT composite indices,
with secondary consideration given to the distributions of sex and diag-
nostic prevalence. Figure 1 shows the subsampling process.

Data Analyses
Brain parcellation atlases for PET image sampling were obtained
from the MR images as previously described (23,24) using FreeSurfer

detecting cortical tau deposition at the pre-

symptomatic stages of the disease.

N=
MATERIALS AND METHODS
Human Participants

This study was approved by the Institutional
Review Boards of all participating institutions.

18F-FLORTAUCIPIR DATASET (FTP)

57.3% NC, 28.1% MCI, 10.2% AD
42 collection sites
30 scanner models
Ag threshold: 20 CL

18F-MK-6240 DATASET (MK)

N=216
37.0% NC, 25.9% MCI, 35.2% AD
4 collection sites
2 scanner models
Af threshold: site-specific*

798

Informed written consent was obtained from
all participants at each site.

The '8F-flortaucipir data used in the prepa-
ration of this article were obtained from the

Subsample to likely T-or T+

Alzheimer’s Disease Neuroimaging Initiative

(ADNI) database (https://adni.loni.usc.edu/). L

y Y

This dataset was collected by 42 participating
sites using 30 different PET scanner models
(19). The identification numbers of the ADNI
participants can be found in Supplemental
Table 1 (supplemental materials are available

N=
54.1% CU

DICHOTOMIZED FTP SAMPLE

Ag threshold: 20 CL

DICHOTOMIZED MK SAMPLE

N=2986
33.3% CU, 66.7% CI
Af threshold: site-specific*

181
, 45.9% CI

at http://jnm.snmjournals.org). The 'SF-MK-
6240 dataset was acquired from Cerveau

Technologies, Inc., and collected by 4 partici-
pating sites using 2 PET scanner models.

Subsample to match between radiotracers

All participants were at least 55y old;

underwent '8F-flortaucipir or '®F-MK-6240 L

r v

tau PET, AB PET, structural T1 MRI, and cog-
nitive testing; and received a consensus clinical
diagnosis. For the '8F-flortaucipir cohort, AR
load was reported in centiloids and A status
was determined with a cutoff of 20 centiloids

N=
41.2% CU

FTP SUBSAMPLE | (FTP;)

Ag threshold: 20 CL

MK SUBSAMPLE | (MK))

N=52
36.6% CU, 63.5% ClI
Ap threshold: 20 CL

119
,58.8% CI

for optimal sensitivity (20). For the '®F-MK-

6240 cohort, categoric AP status (A+ or A—)
was reported by each participating site. For
all participants, neurodegeneration status was

FIGURE 1.

TaU THRESHOLD BIOSTATISTICAL ESTIMATION

Subsampling process for threshold testing. *AB status was reported by each site
depending on its individual method for threshold determination. CL = centiloids; MCI = mild cogni-
tive impairment; NC = normal cognition with no subjective cognitive complaint.
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version 7.1. Images were summed over 80—100 min for '8F-flortaucipir
(25,26) and 90-110 min for '®F-MK-6240 (27). '8F-flortaucipir images,
processed by the Commonwealth Scientific and Industrial Research
Organization Health and Biosecurity Business Unit, Department of
Industry Innovation and Science, Australian Government, were rigidly
aligned to their corresponding MR images using the robust block-
matching registration software Mirorr (28). '8F-MK-6240 images were
registered to their corresponding MR images using rigid-body registra-
tion with the normalized mutual information cost function (29). All
registrations were manually inspected for accuracy. The FreeSurfer
parcellation template (Desikan-Killiany-Tourville atlas (30)) was used
to sample summed PET images, and a volume-weighted average of
FreeSurfer region counterparts (Table 1) was calculated for each of the
6 composite regions investigated: amygdala, inferior temporal region,
lateral occipital region, lateral temporal region, mesial temporal region,
and meta temporal region (3,15,/6). SUV ratios were calculated using
cerebellar gray matter as a reference (9,37). A CT composite was cal-
culated as a surface area—weighted composite of the FreeSurfer-derived
entorhinal, fusiform, inferior temporal, and middle temporal lobe CT
values (3). To preserve the raw image data, no harmonization methods
were applied to the reported data. However, to evaluate potential site-
and scanner-specific effects, we conducted the same analyses on
adjusted SUV ratios from the dichotomized subsample adjusted using
the R ComBat tool (32), a harmonization tool designed to minimize
scanner effects.

Methods for Tau Threshold Determination

Each subsample (subsampled '®F-flortaucipir set, subsampled
18F_MK-6240 set) was randomly split into training and testing sets,
preserving matching, using R (70% and 30%, respectively) to avoid
overfitting. Using the training set, we evaluated several approaches to
determine and compare thresholds for both radiotracers: 90th percentile
of CU participants, 95th percentile of CU participants, CenTauR, 1.5
(mean + 1.5 SDs of the CU group mean) (/0), CenTauR, 2.0 (mean +
2 SDs of the CU group mean) (/0), gaussian mixture modeling (33),
hierarchic clustering (34), iterative outlier detection (35), k-means clus-
tering (36), ROC method (37), nonparametric and parametric double
ROC method (38), and Youden index (39).

Statistical Methods

All statistics were calculated using R. Statistical differences were
assessed using a Mann—Whitney U test. The ability to discriminate tau
signal between CU and CI participants was assessed using effect size
(Cohen d). Each threshold-determining approach was assessed using
sensitivity and specificity by applying the determined thresholds to the
testing set.

RESULTS

Table 2 shows the participant characteristics. After matching,
there were no statistically significant differences in distributions or
between metrics.

Regional SUV ratio means, SDs, and effect sizes are shown in
Table 3. For both tracers, the amygdala and the mesial temporal
region showed the greatest effect sizes, or differences between the
CI and CU means.

Figure 2 displays each tracer’s sensitivities—and Figure 3, each
tracer’s specificities—for the combinations of 12 threshold-
determining methods and 6 composite region pairs. When consid-
ering joint (subsampled '®F-flortaucipir set plus subsampled
8F-MK-6240 set) sensitivity and specificity, we found that different
methods performed optimally for each region. The 90th percentile
and parametric double ROC methods in the mesial temporal region
yielded the highest joint sensitivity (1.86). The 90th percentile,
CenTauR, 1.5, nonparametric and parametric double ROC methods
in the amygdala, and the parametric double ROC method in the
inferior temporal region were slightly lower (1.81), followed by the
parametric double ROC method in the meta temporal region (1.71),
the Youden index in the lateral temporal region (1.70), and the para-
metric double ROC method in the lateral occipital region (1.65).
Gaussian mixture modeling, hierarchic clustering, and k-means clus-
tering each had a joint sensitivity of 2.00 in all regions with the addi-
tion of CenTauR, 2 in the amygdala and iterative outlier detection in
the amygdala, mesial temporal region, and meta temporal region.

Application of the parametric double ROC method for a sensi-
tivity threshold and gaussian mixture modeling for a specificity

TABLE 1
Composite Regions of Interest

Composite region Region

Sub-region FreeSurfer region

Meta temporal Mesial temporal

Lateral temporal

Amygdala L amygdala

R amygdala

L entorhinal

R entorhinal

L fusiform

R fusiform

L parahippocampal
R parahippocampal
Inferior temporal L inferior temporal
R inferior temporal
L middle temporal
R middle temporal
Lateral occipital L lateral occipital

R lateral occipital

1800
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TABLE 2
Characteristics of CU and ClI Participants for '8F-Flortaucipir and '®F-MK-6240 Matched Subsamples

Subsampled ®F-flortaucipir set

Subsampled "®F-MK-6240 set

Characteristic A—N- CU A+N+ Cl A-N- CU A+N+ Cl

n 49 (41.2%) 70 (58.8%) 19 (36.5%) 33 (63.5%)

Sex 49.0% F;51.0% M 42.9% F; 57.1% M 47.4% F;526% M 45.5% F; 54.5% M

AD/MCI - 47.1% AD; 52.9% MCI - 51.5% AD; 48.5% MCI

Age (y) 72.78 £ 4.79 76.70 +7.85 73.89 +4.76 74.06 + 6.84

Mini-Mental State Examination 29.12+1.00 24.46 + 4.02 28.47 +1.27 24.61+295
score

CT composite (mm) 2.79+0.07 2.54+0.11 2.78+0.07 2.56+0.11

Centiloids 2.84 + 8.61 88.54 + 28.70 2.82 +8.09 98.92 + 26.29

MCI = mild cognitive impairment.

threshold yielded the following respective threshold pairs: 1.30
and 1.58 for '8F-flortaucipir and 0.78 and 1.29 for '8F-MK-6240
in the amygdala, 1.26 and 1.48 for '3F-flortaucipir and 1.09 and
1.63 for '8F-MK-6240 in the inferior temporal region, 1.15 and
1.42 for '®F-flortaucipir and 1.11 and 1.73 for 'F-MK-6240 in the
lateral occipital region, 1.24 and 1.49 for '8F-flortaucipir and 1.07
and 1.63 for '8F-MK-6240 in the lateral temporal region, 1.23 and
1.33 for '®F-flortaucipir and 1.01 and 1.46 for '3F-MK-6240 in the
mesial temporal region, and 1.18 and 1.36 for '®F-flortaucipir and
1.04 and 1.53 for '8F-MK-6240 in the meta temporal region.
When all 72 combinations of thresholding methods and sample
regions were considered, neither tracer showed a sensitivity advan-
tage, with 'F-flortaucipir showing a higher sensitivity than !'SF-
MK-6240 in 34 of 72 (47.2%) comparisons, '8F-MK-6240 showing
a higher sensitivity than '8F-flortaucipir in 33 of 72 (45.8%), and the
two being equivalent in 5 of 72 (6.9%). '¥F-flortaucipir outperformed

18F-MK-6240 in specificity, showing an advantage in 39 of 72
(54.2%) comparisons, but the specificity was evenly matched in 23
of 72 (31.4%) comparisons.

The relative performance of threshold method sensitivities or
specificities was not modified in either the unmatched dichotomized
samples (Supplemental Table 3; Supplemental Figs. 1 and 2) or the
ComBat harmonized samples (Supplemental Table 4; Supplemental
Figs. 3 and 4).

DISCUSSION

When considering AD biomarker thresholds, it is important to
note that the same threshold may not be optimal in all circum-
stances (/7). Indeed, for the centiloid scale, a value of approxi-
mately 20 centiloids results in the greatest sensitivity for detecting
early AP pathology (sensitivity threshold), but a threshold of

TABLE 3
Matched Composite Region Summary
CU SUV ratio CI SUV ratio
Region Mean a? Mean o2 d
Subsampled '8F-flortaucipir set
Amygdala 1.18 0.11 1.64 0.33 1.87
Inferior temporal 1.18 0.09 1.67 0.47 1.43
Lateral occipital 1.10 0.09 1.35 0.38 0.90
Lateral temporal 1.17 0.08 1.63 0.46 1.39
Mesial temporal 1.15 0.08 1.52 0.31 1.63
Meta temporal 1.13 0.08 1.40 0.32 1.19
Subsampled '8F-MK-6240 set
Amygdala 0.67 0.06 1.770 0.67 2.30
Inferior temporal 1.06 0.07 1.936 0.88 1.41
Lateral occipital 1.12 0.11 1.673 0.84 0.93
Lateral temporal 1.04 0.07 1.834 0.83 1.35
Mesial temporal 0.94 0.07 1.808 0.68 1.80
Meta temporal 1.00 0.07 1.821 0.75 1.54
TAu THRESHOLD BiosTaTisTICAL EsTiMATION *  Gogola et al. 1801



FTP Sensitivity MK Sensitivity approximately 50 centiloids better predicts
i i g " the neuropathologic and clinical diagnosis
of AD (specificity threshold) (40). Because
the initial goal of the present work was to
identify the threshold-determining methods
that yield the greatest sensitivity and speci-
ficity for early AD-related tau deposition,
and given the level of disagreement between
the sensitivities and specificities of the var-
ious threshold-determining methods, it may
be prudent to adopt distinct tau thresholds
optimized for either sensitivity or speci-
ficity for AD-related tau as demanded by

Youden 1)

ROC

o ﬁ_'

tI

Double ROC (p)

the application, similar to what has been
Doubls ROC {np) proposed for establishing AP positivity

thresholds using the centiloid scale (41).
GenTauRz:2 § In assessing the 72 threshold-determining-
method and composite-region pairs for joint

CenTauRz 1.5 CenTauRz 1.5 I

sensitivity between tracers, we found that
e S none of the threshold methods yielded the
highest sensitivity for every region, although
0%l m dole the parametric double ROC method showed
0.00 020 040 I 0.;0 0.0 1.00 0.00 D.'ZO 040 D60 0.80 1.00 the hlgheSt JOlnt SenSItIVlty for aH but the

lateral temporal region, where it was slightly
mMeta Temporal = Masial Temporal = Lateral Temporal  =Lateral Occipital mInferior Temporal = Amygdala lower (0 11) than the Youden or ROC

FIGURE 2. Matched threshold sensitivities for 6 composite regions when using each of 12 threshold- method (Fig. 2). For joint specificity, there
determining methods. CenTauR, 1.5 = mean + 1.5 SDs of CU group mean; CenTauR, 2.0 = mean +  Was even more overlap in optimal methods
2 SDs of CU group mean; GMM = gaussian mixture modeling; HC = hierarchic clustering; 10 = itera-  for each region. Gaussian mixture model-
tive outlier detection. ing, hierarchic clustering, and k-means
clustering all yielded perfect joint specifi-
cities (2.0) for all 6 regions examined. We
believe that the difference in optimal sensi-
tivity and specificity threshold-determining
methods can be attributed, in part, to the
regional SUV ratio distributions between
the CU and CI samples for each tracer
(Supplemental Figs. 5 and 6). Given that a
sizeable proportion of CI participants pre-

FTP Specificity MK Specificity

e :
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e sents with low tau, as prekusl_y 'reported

- & (42,43), even after dichotomizing and
T — matching of samples, there was significant

HE | HE overlap in SUV ratios between CU and CI

s ) D L A participants, with clearly identifiable groups

G L of lower and higher tau load within the
------- CI participants. These distributions pose

Doubke ROG {p) Deuble ROG {p)

a challenge in fully separating the CI par-
ticipants from the CU participants. Com-

Doubk ROC {np) -1
m pared with the other methods tested, the

CenTauRe 2 1 parametric double ROC method is well posi-
m tioned to set the optimal sensitivity threshold

Cenfaufz 1.8 - FenTauz 1.5 m because it does not rely solely on the CU
Py i group, as many others do, which ultimately
m— favors specificity. Further, the threshold in

0%l | aklle m—r—- this specific instance was based on achiev-

L ' ing an accuracy of 95%, and given the
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2

FIGURE 3. Matched threshold sensitivities and specificities for 6 composite regions when using targeted over spemﬁmty. Between the suc-
each of 12 threshold-determining methods. CenTauR, 1.5 = mean + 1.5 SDs of CU group mean; €8S f the.parametrlf: dquble ROC method
CenTauR, 2.0 = mean + 2 SDs of CU group mean; GMM = gaussian mixture modeling; HC = hierar- ~ across regions and its innate advantages,
chic clustering; 10 = iterative outlier detection. this method can be used to set the sensitivity
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threshold regardless of region. Conversely, gaussian mixture model-
ing, hierarchic clustering, and k-means clustering—being clustering
methods—proved advantageous for specificity. They cluster lower
tau load as one group and higher tau load as a second group, setting
the threshold at the split between low- and high-tau-load CI partici-
pants, grouping all CU participants with the low-tau CI participants.
Although gaussian mixture modeling, hierarchic clustering, and
k-means clustering all yield perfect specificity, gaussian mixture
modeling may be the best single method to use across all regions
because it sets the lowest perfect specificity threshold.

Several composites have been suggested as potential sampling
regions for determining tau status. Although the algorithm used in
this work—BETTH—does not determine the optimal region for
evaluating tau status, it does highlight their differences, particularly
with respect to the chosen sensitivity method (parametric double
ROC method). The mesial temporal region yielded the greatest sensi-
tivity, closely followed by the amygdala and the inferior temporal
region. As shown in Table 1, the mesial temporal region comprises a
combination of Braak I and III regions, and the amygdala is one of
the Braak III regions. Thus, it is unsurprising that they would have
greater effect sizes as shown in Table 3, given that these regions start
accumulating tau earlier than do the inferior temporal region, lateral
temporal region, and meta temporal region (regions included in
Braak IV) or the lateral occipital region (Braak V). In fact, the mesial
temporal lobe is frequently a site of early tau deposition in the AD
pathologic process, before the development of cognitive symptoms
(17). However, its association with primary age-related tauopathy
raises concerns about its ability to differentiate AD-related from age-
related tau deposition (/8). Further, the Braak and Delacourte stages
capture, to varying degrees, the neuropathologic distribution of tau
(44,45), but their application to PET studies may fail to consistently
capture tau deposition because the regions are either too small and
subject to partial-volume effects (46,47), as may be of concern for
the amygdala, or too large and subject to dilution of focal specific
PET signal (47). Although the meta temporal region (3) may not be
able to capture some atypical AD presentations such as posterior cor-
tical atrophy (48), it seems capable of detecting early tau deposition
and discriminating between AD-related and age-related tau deposi-
tion through its combination of the mesial temporal lobe and the
inferior and middle temporal neocortical regions (43), the latter of
which is associated with cortical AD tau pathology (Braak IV and
later) but not primary age-related tauopathy. Further, the meta tem-
poral region captures the 3 AD pathologic subtypes (49), as well as
nonstereotypic tau deposition (50), while discriminating AD from
non-AD neurodegeneration (43) and is the most sensitive for longitu-
dinal analysis of tau deposition (51,52).

Our previous work compared the relative performance of '8F-
flortaucipir and '8F-MK-6240 in terms of visual assessments, off-
target binding, and dynamic range, where we found '8F-MK-6240
to have approximately a 2-fold greater dynamic range and lower
nonspecific binding than '®F-flortaucipir across Braak pathologic
stage regions (/4), suggesting that 'SF-MK-6240 may be more
useful for detecting early tau signal and small interval changes
(53). The differences in dynamic range are of particular interest
for the determination of tau thresholds. When comparing the 2 tra-
cers’ performance in differentiating between high and low tau load
using the optimal specificity threshold, as set by gaussian mixture
modeling, we found that '8F-flortaucipir and '8F-MK-6240 per-
formed equivalently, each yielding perfect specificities. However,
when comparing sensitivities, as determined using the parametric
double ROC method, we found that '8F-MK-6240 outperformed

Tau THRESHOLD BIOSTATISTICAL ESTIMATION

8F_flortaucipir by a mean sensitivity of 0.15 = 0.10 in all regions
but the lateral temporal. This characteristic may support the use of
18F-MK-6240 over '8F-flortaucipir, particularly when sensitivity
to early tau deposition is paramount.

The implementation of the BETTH threshold-determining
approach in the present study has the benefit of being evaluated for
2 tau tracers (in datasets selected to be as cleanly impaired or unim-
paired as possible) and for matched samples. However, the present
study has some limitations. In subsampling the CU and CI partici-
pants and matching, we reduced the sample sizes 2-fold and elimi-
nated more ambiguously classified participants. Additionally, part of
the selection process relied on third-party reporting either of clinical
diagnosis or AR status, which likely used different criteria and meth-
ods for determination. Future work will need to assess the BETTH
approach in expanded datasets without selection bias. Because race,
ethnicity, education, and apolipoprotein E status were not provided
with the original data, those factors could not be considered in our
matching process, leaving any existing bias in our matched cohorts.
Future work should conduct the same analyses on datasets in which
those demographics are included and can be accounted for. The suc-
cess of the thresholds was evaluated relative to the assumption that
CU participants were T— and CI participants were T+. Future work
would benefit from evaluating the success of the thresholds relative
to visual reads, although visual identification of early tau deposits,
while more sensitive (54), may be complicated by off-target signal
(55). The goal of the present work was to establish a universal
method for determining tau thresholds, but only '8F-flortaucipir and
18F_.MK-6240 were included in our evaluation. To ensure the gener-
alizability of our methods, it will be necessary to extend BETTH to
other tau tracers to validate the conclusions drawn here. Further,
these thresholds reflect the idiosyncratic pharmacokinetic and phar-
macologic properties (affinity, nonspecific binding, etc.) of the tra-
cers used, as well as small differences introduced using PET
scanners with different sensitivities and resolutions, reflecting the sit-
uation today and for these 2 tau tracers. The introduction and imple-
mentation of digital PET scanners, with greater sensitivities and
higher resolutions, will require the revision of these thresholds under
the new conditions. Finally, the whole cerebellar gray matter was
used as a reference region, to keep processing uniform between both
radiotracers. However, the calculated SUV ratios may be impacted
by the off-target binding characteristics of each tracer. As progress is
made toward a common scale indexing tau load, it will be necessary
to investigate the effects that universal tau cortical and reference
regions that account for the off-target binding of tracers (56) have on
the resultant thresholds.

CONCLUSION

Given that cortical tau is intimately and imminently associated
with subsequent neurodegeneration and cognitive decline, it is
imperative to detect AD-related cortical tau accumulation as early
as possible. We have proposed the BETTH algorithm for assessing
different approaches in various composite regions for determination
of the optimal threshold to detect early tau deposition. Although
the present work evaluated several threshold-determining methods
and tissue-sampling strategies, BETTH is extensible and can be
applied to other biomarkers. At this time, the present study suggests
that AD-related tau status is best determined using a parametric dou-
ble ROC—determined sensitivity threshold and a gaussian mixture
modeling—determined specificity threshold. Each pair represents an
uncertainty zone indicating participants who may need further
evaluation.
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KEY POINTS

QUESTION: Can a single threshold-determining method yield
optimal sensitivity and specificity for both '®F-flortaucipir and
18F-MK-62407

PERTINENT FINDINGS: A comparison of 12 threshold-determining
methods in 6 composite regions revealed that no method
performed optimally in terms of both sensitivity and specificity.

In most cases, doing particularly well in terms of sensitivity meant
doing poorly in terms of specificity and vice versa, likely because
of the degree of overlap in the unimpaired and impaired participant
groups.

IMPLICATIONS FOR PATIENT CARE: Given the prevalence of
low tau in AB-positive Cl individuals, no single threshold for tau can
be both highly sensitive and highly specific. Therefore, the threshold
selected will depend on the clinical or research question posed.
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Inflammatory bowel disease (IBD), which includes both Crohn disease
and ulcerative colitis, is a relapsing inflammatory disease of the gas-
trointestinal tract. Long-term chronic inflammatory conditions elevate
the patient’s risk of colorectal cancer (CRC). Currently, diagnosis
requires endoscopy with biopsy. This procedure is invasive and
requires a bowel-preparatory regimen, adding to patient burden. Inter-
leukin 12 (IL12) and interleukin 23 (IL23) play key roles in inflammation,
especially in the pathogenesis of IBD, and are established therapeutic
targets. We propose that imaging of IL12/23 and its p40 subunit in
IBD via immuno-PET potentially provides a new noninvasive diagnos-
tic approach. Methods: Our aim was to investigate the potential of
immuno-PET to image inflammation in a chemically induced mouse
model of colitis using dextran sodium sulfate by targeting IL12/23p40
with a ®Zr-radiolabeled anti-IL12/23p40 antibody. Results: High
uptake of the 1L12/23p40 immuno-PET agent was exhibited by dex-
tran sodium sulfate—administered mice, and this uptake correlated
with increased 1L12/23p40 present in the sera. Competitive binding
studies confirmed the specificity of the radiotracer for IL12/23p40 in
the gastrointestinal tract. Conclusion: These promising results dem-
onstrate the utility of this radiotracer as an imaging biomarker of IBD.
Moreover, IL12/23p40 immuno-PET can potentially guide treatment
decisions for IBD management.

Key Words: immuno-PET; inflammatory bowel disease; IL12/23p40;
colitis
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Inﬂammatory bowel disease (IBD) is a chronic disorder of the
gastrointestinal tract. It is believed to be caused by dysregulation of
immune response to pathogens. IBD comprises 2 major forms: ulcer-
ative colitis and Crohn disease (/). The global prevalence of IBD
increased from 3.7 million in 1990 to more than 6.8 million in 2017
(2). The detailed etiology of IBD is still unclear, but genetic predis-
position, intestinal dysbiosis, various proinflammatory cytokines,
T-helper cells, and interleukins are implicated in its pathogenesis
(3,4). In early-stage IBD, a loss of intestinal epithelial barrier func-
tion is observed, increasing bacterial translocation and thus activating
the mucosal immune system and intestinal inflammation (5). If left
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unmanaged, patients with ulcerative colitis have a 2% increased inci-
dence of colorectal cancer (CRC) at 10y after diagnosis, 8% at 20y,
and about 18% at 30y, compared with those without IBD. So, care-
ful monitoring of ulcerative colitis patients is recommended (6).
IBD-associated CRC carries a particularly poor prognosis (mortality
> 50%) (7) compared with sporadic CRC, for which the prognosis
is improving. Unlike sporadic CRC, which progresses through an
adenoma—carcinoma pathway, IBD CRC evolves from an inflamma-
tion—dysplasia—carcinoma sequence (8). Accordingly, there are cur-
rently no tools specifically designed to help clinicians track the
initiation and progression of IBD CRC pathology.

Detecting and tracking chronic inflammation in the gastrointesti-
nal tract is critical to improving outcomes among patients with
IBD. Current diagnostic and surveillance methods for IBD involve
clinical manifestations (e.g., bloody diarrhea) in conjunction with
physical examination, endoscopy, and pathologic findings (9).
Molecular assays that detect elevated biomarkers of inflammation
in blood and stool samples reinforce its evaluation and diagnosis,
albeit with no acquisition of locoregional information on inflamed
areas (/0). Currently, endoscopy with biopsy is the gold standard
for the diagnosis of IBD and for staging its activity (/7). However,
endoscopy is invasive and can result in toxic megacolon if per-
formed during exacerbation. Another drawback of endoscopy is
that it is limited to imaging segmental areas of the intestine and the
superficial mucosal surface. Furthermore, it cannot provide detailed
molecular information on the disease (/2). Less invasive imaging
modalities, including CT, ultrasound, and MRI, are also used clini-
cally for IBD diagnosis (/3,14). However, these modalities provide
information only on the anatomic integrity of gastrointestinal
tissues. None of these available standard-of-care diagnostic tools,
whether used alone or in combination, completely meets the need
for safe, accessible, reliable, quantitative visualization of gastroin-
testinal inflammation with high spatial and molecular specificity. A
less invasive and quantitative tool that can generate both molecular
and morphologic information on specific pathologic processes
would be useful in determining the extent of IBD activity (15).

Numerous studies have explored the utility of ['8F]-FDG PET in
the assessment of IBD. High uptake of ['®F]-FDG in intestinal tissues
due to increased immune metabolic activity allows the delineation of
inflammatory sites in IBD patients (16,17). However, although ['®F]-
FDG has been shown to be sensitive in the detection of IBD, its speci-
ficity leaves much to be desired because of physiologic uptake in
the normal bowel (/8). To date, there are no specific PET tracers
for imaging IBD that are Food and Drug Administration—approved.
Other than ['8F]-FDG, novel PET agents developed for IBD diagnosis
are limited to preclinical studies (12,19-21), with only 3 new agents
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in patient trials (NCT03546868, NCT04507932, and NCT03414788).
Thus, there is a clear need to develop a molecular imaging agent that
can detect and visualize active inflammation on-site.

The cytokines interleukin 12 (IL12) and interleukin 23 (IL23) are
associated with mediating inflammation. Both cytokines are members
of the IL12 family and share the p40 subunit (22). IL12/23p40 has
become a clinically relevant target in IBD treatment because of its cen-
tral role in inducing and sustaining inflammation (23). For example,
ustekinumab (Stelara; Janssen), an 1L12/23p40 antagonist, has been
Food and Drug Administration—approved for treatment, with clinical
data showing that patients experienced symptom relief and achieved
clinical remission (24,25). Thus, IL12/23p40 is an appealing target not
only for treatment but also for diagnosis and surveillance of IBD.

Here, we present the development of an immuno-PET imaging
agent by radiolabeling an antibody targeting 1L12/23p40 with the
radioisotope 3°Zr (half-life, ~3.27 d). We characterized the radiotra-
cer’s in vitro specificity and stability and evaluated its potential to
visualize the cytokine in a dextran sodium sulfate (DSS)-induced
acute model of gastrointestinal inflammation in immune-competent
mice. We performed in vivo competitive binding studies to demon-
strate the tracer’s specificity and determined its whole-body tissue
distribution. We also validated the uptake of the radiotracer from the
genetic expression of 1L12/23p40 from excised tissues. Finally, we
explored the correlation between tracer uptake in gastrointestinal tis-
sues and [L12/23p40 serum levels.

MATERIALS AND METHODS

General

All chemicals and supplies were purchased from commercial sup-
pliers and used without further manipulation except when otherwise
stated. [3°Zr]Zr-oxalate was obtained from 3D Imaging, LLC. Anti-
mouse 1L12/23p40 monoclonal antibody (mAb) (rat IgG2a) was pur-
chased from Bio X Cell (catalog number BE0O51).

Chemical Induction of Colitis via DSS

All animal experiments were conducted in compliance with the
Institutional Animal Care and Use Committee at Wayne State Univer-
sity. Male and female BALB/c mice aged 10-14 wk (weight range,
20-30 g) were purchased from Charles River Laboratories. Colitis was
induced by replacing normal drinking water with 3% (w/v) DSS
(molecular mass, 40 kDa; Alfa Aesar) for 7 d alongside access to a
chow diet (PicoLab Laboratory Rodent Diet 5LOD) ad libitum. The
mice were weighed daily and assessed for clinical manifestations of
colitis. The severity of the colitis was determined by a disease activity
index according to Freise et al. (/9): weight loss (0, none; 1, 1%—4%;
2, 5%—10%; 3, 11%-20%; 4, 0.20%), fecal blood (0, none; 2, blood
present in stool; 4, gross bleeding from anus), and stool consistency
(0, normal; 1, moist/sticky; 2, soft; 3, diarrhea; 4, bleeding).

Antibody Conjugation and 89Zr Radiolabeling
p-Benzyl-isothiocyanate-deferoxamine (DFO-Bz-SCN, Macrocylics)
was conjugated to anti-IL12/23p40 by a similar protocol to that previ-
ously reported (26). Briefly, DFO-Bz-SCN in DMSO was added to the
mAD at a ratio of 1:5 (mAb:DFO) in 0.9% saline, pH approximately 9,
at 37°C for 1 h. Subsequent purification using a centrifugation column
filter (molecular weight cutoff, 30 kDa) and 0.9% saline as the mobile
phase eliminated unconjugated DFO-Bz-SCN. %Zr-radioabeling of
DFO-anti-IL12/23p40 antibody proceeded in a neutral pH environment
in saline. Approximately 37 MBq (1 mCi) of [*°Zr]Zr-oxalate previ-
ously neutralized to pH 7.0-7.2 were added to a solution of DFO-
anti-IL12/23p40 (0.2 mg, 1.3 nmol) and incubated for 1 h at room
temperature. The radiolabeling reaction and efficiency were monitored
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via radio—instant thin-layer chromatography (Mini-Scan/FC; Eckert and
Ziegler) using instant thin-layer chromatography glass microfiber chro-
matography paper impregnated with silica gel (Agilent Technologies,
catalog number SGI0001) as the stationary phase and 50 mM ethylene-
diaminetetraacetic acid as the mobile phase. The reaction was quenched
with 5 pL of 50 mM ethylenediaminetetraacetic acid and purified
through spin column centrifugation (molecular weight cutoff, 30 kDa)
with sterile saline as the eluent. Stability studies of [*°Zr]Zr-DFO-anti-
1L12/23p40 were conducted in saline at 37°C and monitored over 96 h.

In Vitro Binding and Blocking Studies

Saturation binding studies were conducted to determine the dissocia-
tion constant of the [¥Zr]Zr-DFO-anti-IL12/23p40. Mouse 1L12/23p40
protein (Bio-Techne) (5 pg/mL in bicarbonate buffer) was coated onto a
96-well strip plate and incubated at 4°C overnight. The wells were then
washed 3 times with 0.05% polysorbate-20 in X1 phosphate-buffered
saline and incubated for 2 h at room temperature with 200 L of block-
ing buffer (1% bovine serum albumin in wash buffer). The 1L12/23p40-
coated wells were incubated with varying concentrations of radiolabeled
antibody (0.5-5,000 nM) or subjected to blocking by coincubation of the
radiotracer with a 100-fold excess of unmodified IL12/23p40 antibody in
triplicate. After 1 h at 37°C, the unbound radiotracer was removed and
the bound activity for each well was measured with a y-counter. The dis-
sociation constant was calculated by nonlinear regression using GraphPad
Prism, version 9.2. Specific binding was measured by subtracting nonspe-
cific binding from total bound activity expressed as counts per minute.
To evaluate specificity, a separate group of 1L12/23p40-coated wells was
treated with an excess of cold anti-IL12/23p40 mAb (500 nM) 30 min
before the addition of the radiotracer (5 nM, 0.012 MBq [0.34 .Ci] per
well) and incubation for 1 h at 37°C. Unbound radiotracer was removed,
and the wells were washed twice with X 1 phosphate-buffered saline. All
experiments were performed in triplicate. The bound activity for each
well was measured by a y-counter and expressed as counts per minute.

PET/CT Imaging

[#°Zr]Zr-DFO-anti-IL12/23p40 (6.66-9.25 MBgq, 36-50 wg, 0.24—
0.33 nmol) in sterile saline was administered intravenously to mice
(5 per sex) in the lateral tail vein 5 d after DSS treatment. A separate
cohort of DSS-treated mice was injected with an 3°Zr-labeled nonspe-
cific isotype-matched IgG antibody to control for specificity. Images
were then acquired using a Bruker Albira Si PET/CT scanner at 24,
48, and 96 h after injection while the mice were anesthetized with 2%
isoflurane. Subsequent imaging scans were acquired at 48 h after injec-
tion, the time point that was identified to achieve optimum contrast. Cor-
responding CT scans were acquired at 45 kV and 400 wA after each
PET scan. Images were reconstructed through maximum-likelihood
expectation maximization with 12 iterations and a 0.75-mm voxel resolu-
tion, registered on CT, and analyzed by PMOD software, version 4.3.
Volumes of interest were acquired via isocontouring and are expressed as
the mean percentage injected dose per cm® of tissue (%ID/cm’). After
imaging, the mice were euthanized, and the colons were excised and laid
out for ex vivo PET imaging.

Biodistribution and In Vivo Blocking Studies

The tissue distribution of [%Zr]Zr-DFO-anti-IL12/23p40 was as-
sessed in healthy and DSS-treated mice by intravenous injection of
0.37-0.92 MBq (10-25 n.Ci, 25 pg) in the lateral tail vein of the mice.
To assess the specificity of target binding, we performed an in vivo
blocking study on a separate group of mice in which a X100 excess of
unlabeled anti-IL12/23p40 mAb was coinjected with the radiotracer.
Euthanasia was performed via CO, asphyxiation 48 h after injection.
Blood was immediately collected via cardiac puncture. Select organs
were collected and weighed. Bound radioactivity was measured using a
~y-counter (2480 Wizard?; Perkin Elmer) and expressed as %ID/g.
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IL12/23p40 Enzyme-Linked Immunosorbent Assay

Blood was collected via the cheek vein before (baseline or day 0)
and during (day 5) DSS treatment. Sera were obtained and stored at
—80°C to allow for decay before analysis. Levels of IL12/23p40 were
evaluated using a commercial enzyme-linked immunosorbent assay kit
(catalog number ELM-IL12p40p70; RayBiotech). Serum levels were
then correlated with the radiotracer uptake data from the biodistribu-
tion studies.

In Situ Hybridization

To investigate the expression of IL12/23p40 in DSS-treated mice,
RNA in situ hybridization for IL12/23p40 messenger RNA (RNAscope
probe Mm-IL12b; ACD Bio) was performed using an RNAscope 2.5 HD
detection assay (ACD Bio). The RNA spatial expression of IL12p35
(IL12a; Mm IL12a; ACD Bio) and IFN-y (RNAscope Probe-Mm-
Ifng-C2; ACD Bio) were also examined. In brief, intestinal tissues were
harvested, fixed, and stored in 10% formalin until decayed. Once decayed,
the formalin was removed and replaced with 70% ethanol before paraffin
embedding and sectioning. Tissues were sliced into 5-pwm sections and
mounted on glass slides. Paraffin-embedded tissue sections were deparaffi-
nized and subjected to antigen retrieval using an RNAscope antigen
retrieval kit (ACD Bio) followed by hybridization, signal amplification,
and chromogenic detection procedures, which were performed according
to the manufacturer’s instructions (RNAscope 2.5 HD duplex detection;
ACD Bio). The messenger RNA for 1L12/23p40 and IFN-y was detected
using red chromogen and that of IL12p35 was detected using green chro-
mogen. Images (X40 objective) were captured under an optical microscope
(Carl Zeiss), and signal quantification was analyzed by HALO software,
version 4.1.1 (Indica Labs). At least 5 fields per section were analyzed.

Statistical Analysis

GraphPad Prism, version 9.02, was used to perform statistical anal-
yses unless otherwise stated. Data are presented as the mean = SD.
Mann—Whitney ¢ tests were performed for the tumor-blocking compet-
itive studies. Two-way ANOVA multiple-comparison analyses were
performed for the tissue distribution studies. The significance of corre-
lations was determined by Pearson analysis. A P value of less than
0.05 was considered statistically significant.

RESULTS

Successful Labeling and Target Binding of [*°Zr]Zr-DFO-Anti-
1L12/23p40

Radiolabeling of the DFO immunoconjugate was straightfor-
ward, with radiolabeling yields of more than 95%. A specific

activity of 180 = 10 MBqg/mg was established. The radiotracer
remained moderately intact (>>90%) in saline over a 96-h incuba-
tion period (Supplemental Fig. 1). The binding of [3°Zr]Zr-DFO-
anti-1L12/23p40 to mouse 1L12/12/23p40 protein was evaluated
by saturation binding assays, showing total and nonspecific bind-
ing (Supplemental Fig. 2), which confirmed the high affinity (dis-
sociation constant, ~9.8 = 1.9nM) of the radiolabeled mAb for its
target (Fig. 1A). The in vitro blocking study, in which [¥Zr]Zr-
DFO-anti-IL12/23p40 was incubated with a 100-fold mass excess
of the unmodified nonradiolabeled antibody, demonstrated signifi-
cantly decreased binding of [*°Zr]Zr-DFO-anti-IL12/23p40 to
IL12/23p40 protein (P = 0.0001) (Fig. 1B), confirming the in vitro
specificity of the radiotracer.

Induction and Confirmation of Colitis

Colitis was induced in BALB/c mice by providing DSS ad libi-
tum for 7 d, followed by recovery with regular drinking water on
day 8 (Fig. 2A). DSS-treated mice showed weight loss on day 5
(Fig. 2B). Disease activity index scores for stool consistency and
fecal bleeding were higher in the DSS-treated mice than in the
healthy mice (Supplemental Table 1). On day 8, scores of more
than 2 were recorded for DSS-treated mice according to the pres-
ence of diarrhea and blood in their stools.

In Vivo Delineation of Intestinal Inflammation by IL12/23p40
Immuno-PET
[8°Zr]Zr-DFO-anti-IL12/23p40 delineated the intestinal tract of
a mouse with severe gastrointestinal inflammation, whereas no
clear delineation was observed in healthy control mice (Fig. 3A).
The planar sections of the PET images for these mice and those
with mild IBD are shown in Supplemental Figures 3A and 3B.
Uptake of the radiotracer in the colons of both healthy and DSS-
treated mice was recorded and classified according to sex (Fig.
3B). For both male mice (DSS, 5.99 * 0.65 %ID/cm?>, vs. healthy,
3.98 +0.58 %ID/cm?®; P 0.0002) and female mice (DSS,
8.53 + 1.47 %ID/cm’, vs. healthy, 6.56 +0.85 %ID/cm’; P =
0.014), DSS treatment led to higher uptake in the colon than that
for the healthy group at 24 h after injection or day 6. A compara-
tive analysis between the sexes in healthy and DSS mice revealed
significant differences in radiotracer uptake between male and
female (Fig. 3C). The time-activity curve of [*°Zr]Zr-DFO-anti-
1L12/23p40 taken from volumes of interest of the heart, liver, and
muscle uptake from 24 to 96 h after injection (days 6-9) showed
decreasing nonspecific binding of the ra-
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diotracer over time (Fig. 3D).

The specificity of the cytokine radiotracer
was assessed by imaging a separate cohort of
DSS-treated mice with a 8°Zr-radiolabeled
isotype control antibody. Unlike colitis mice
imaged with [3°Zr]Zr-DFO-anti-IL12/23p40,
colitis mice imaged with [3°Zr]Zr-DFO-IgG
did not show specific accumulation in the
colon (Fig. 3E). Colitis mice injected with
[3Zr]Zr-DFO-IgG showed lower uptake in
the colon at 48 h after injection (day 7) of the
radiotracer than did DSS mice injected with
[3Zr]Zr-DFO-anti-IL12/23p40  (Fig.  3F).

Control Blocked

FIGURE 1. In vitro characterization of [*°Zr]Zr-DFO-anti-IL12/23p40. (A) Nonlinear regression anal-
ysis determination of binding affinity (dissociation constant [Kg]) of tracer for IL12/23p40. (B) Com-
petitive inhibition with X100 excess of unmodified antibody coadministered with radiotracer in IL12/

23p40-coated wells. CPM = counts per minute. **P < 0.001.
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Selected healthy organs (e.g., heart, liver, and
muscle) displayed lower binding of [¥°Zr]Zr-
DFO-IgG than of the IL12/23p40-specific
radiotracer (Supplemental Figs. 3C-3D).
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injected with [¥Zr]Zr-DFO-anti-1L12/23p40,

A - = 120 gl whereas a lower accumulation of [892rJZr-
S DFO-IgG was observed in similar regions

i PET imaging o s (Fig. 4A). The lengths of the small (Fig. 4B)

»14 »L l, »1« :_.Eg 100 4 and large (Fig. 4C) intestines were mea-

Day : : : : I : ® g,g 00 T sured after imaging. The small intestines of
o s 5 7 8 9 zs DSS-treated mice appeared longer than

T 'T ,r 803 those of healthy mice, whereas the large
P — 70 1 T T T T ;i intestines were collectively shorter, which

agrees well with previous literature (19).

Day . . . . .
Interestingly, no significant difference in

FIGURE 2. (A) Scheme showing days of DSS treatment, injection of [£°Zr]Zr-DFO-anti-IL12/23p40,  intestinal lengths (healthy vs. DSS) was
and PET imaging. (B) Changes in body weight after 5 d of DSS treatment (5 per sex). Vertical dashed  displayed after the DSS-treated mice were

line indicates beginning of body weight loss. ***P = 0.0001.

Ex Vivo Imaging of Excised Colons

We next performed ex vivo imaging to assess the specific focal
uptake of the tracer in the colon. Tracer uptake was increased in
the cecum, proximal colon, and mid colon of DSS-treated mice

switched to regular drinking water, sug-
gesting quick recovery.

Tissue Biodistribution and Competitive Binding

Tissue biodistribution of [3°Zr]Zr-DFO-anti-IL12/23p40 was
analyzed in both healthy and DSS-treated mice at 48 h after injec-
tion (Fig. 4D). Uptake in the large intestine was higher in the DSS
group than in the healthy mice (3.0 =

A ) B 0.4 %ID/g vs. 1.7+£0.35 %ID/g, P =
[¥Zr]Zr-DFO-anti-IL12/23p40 Male Femal 0.0008), whereas no significant differences
Healthy DSS emae in the cecum and small intestines were

Day6  _ Day7 Day6 _ Day7 =hes observed between the 2 cohorts.
: M;X 121 129 To confirm specificity, blocking experi-
2 .8 gll* ok o, -} =t ments were performed in which at least a
1§ ‘g’u;,' 2 o = d, 100-fold excess of the unmodified, nonra-
i“’ °\°§ "ﬂ ﬁ “ dioactive mAb was coinjected with the
Min 0 ; : totims : radiotracer into DSS-treated mice. Block-
MIP Day Day ing significantly decreased uptake in the
small intestines (1.3 = 0.2 %ID/g vs. 0.4 =
c Healthy DSS D Healthy bss 0.1 %ID/g, P < 0.0001), colon (3.0 + 0.4
° Male S %ID/g vs. 0.8 £0.2 %ID/g, P < 0.0001),
S k& i_._ " remete 15 1s - Limr and cecum (1.6 % 0.5 %ID/g vs. 1.0+ 0.3
3 e = L3 by w e %ID/g, P = 0.0132) (Fig. 4E). We also
2t ) - L . observed a decrease in accumulation of the
=\°§ ﬂﬂ H g — — radiotracer in the nontarget tissues of the
¢ ! E— T {,_—; blocked versus unblocked DSS cohorts
¢ Day ! (Fig. 4D), suggesting that the excess mAb
o2y pay attenuated the binding of the radiotracer in
E [°Zr]Zr-DFO- [*°2r]2r-DFO- F Male Female endogenously expressed and systemically cir-
IgG anti-IL12/23p40 culating IL12/23p40. Furthermore, another
10 12 12 rationale for the observed decreased binding
l\a .8 s " is the fact that the mAb is inherently thera-
|°§ - §§' peutic, suggesting that the mass injected for
ia % g |'l‘l 1 = |_I—| blocking (~200 g) may have depleted the
o r""1 o i_l cytokine at 48h after injection, resulting in

Planar Section |L12/;gp40 96 IL1:Igg-p40 lower tracer blndlng

FIGURE 3. L12/23p40 immuno-PET/CT imaging of healthy and DSS-treated mice. (A) Representative
maximume-intensity projection images of healthy (left) and DSS-treated (right) mice acquired at 24 h (day 6)
and 48 h (day 7) after injection of [BQZr]Zr-DFO-anti-IL1 2/23p40. (B) Plotted volumes of interest of animals

Correlation Between Tracer Uptake and
Serum Expression of I1L12/23p40
To confirm expression of 1L12/23p40 in

administered [¥°Zr]Zr-DFO-anti-IL12/23p40 exhibiting higher uptake in colons of male and female mice colitis mice, sera were sequentially col-
treated with DSS than in healthy mice. (C) Sex differences in pooled analysis of uptake of IL12/23-40  lected on day 0 before radiotracer injection
radiotracer (1 = 5 per sex) in both healthy and DSS-treated groups. (D) Time—activity curves of [*°ZrjZr- (the baseline before DSS treatment) and
DFO-anti-IL12/23p40 binding in heart, liver, and muscle in healthy and DSS-treated groups. (E) Planar day 5. Enzyme-linked immunosorbent

section of DSS-treated mice imaged with [2°ZrZr-DFO-IgG (3 per sex) vs. [[°Zr|Zr-DFO-anti-IL12/23p40
demonstrating minimal binding of nonspecific radiotracer in colon at day 7 (arrows). (F) Higher colon

uptake of [2°Zr]Zr-DFO-anti-IL12/23p40 (anti-IL12/23p40) in male (1 = 3) and

assay results showed elevated total 1L12/

female groups (1 = 3) than 23p40 on day 5 compared with day O for

in those imaged with [*°ZrZr-DFO-IgG (IgG) at 48 h after injection. All cohorts were 5 per sex unless other- both male and female groups (Fig. 5A)
wise stated. MIP = maximum-intensity projection. *P < 0.05. **P < 0.01. **P < 0.001. (male, 1.85*0.28 vs. 1.22 = 0.33ng/mL
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High Transcript Expression of
IL12/23p40 in the Intestinal Tissues
Validating PET Radiotracer Uptake
To further detect 1L12/23p40 cytokine
in healthy and DSS mice, in situ hybridi-
zation was performed to visualize RNA
expression per cell (Fig. 6A). A high per-
centage of cells showed increased expres-
sion of /L12b, the gene for IL12/23p40
(percentage of cells positive for /L12b,
27% £ 7.5%), in the cecum of DSS-
treated mice compared with healthy tissue
(Fig. 6B). To show that the p40 subunit is
the main driver of inflammation, we exam-
. ined for IL12p35 (/L12a), the other subu-
. nit specific to IL12 alone. /L12a was not
as markedly expressed in inflamed tissues
(percentage of cells positive for /LI2a,
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mDSS

Day

2~ Ak
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3 2.75% £ 0.22%; P = 0.0012) (Supple-
mental Fig. 5), suggesting that the inflam-
mation in this mouse model is mediated
by the p40 subunit. Interestingly, IFN-y, a
downstream molecule produced by both
. IL12 and IL23 that is considered to stimu-
= late massive leukocyte infiltration and mu-

* cosal damage in IBD (5), showed elevated
transcript expression in the DSS-treated
intestines but was not as elevated as
1L 12/23p40.
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FIGURE 4. Ex vivo immuno-PET and tissue distribution studies. (A) Representative PET images of
excised intestinal tissues from DSS-administered mice demonstrating increased accumulation of
1L12/23p40 tracer (middle) in cecum, proximal colon, and mid colon vs. radiolabeled nonspecific iso-
type antibody (right). Schematic representation of mouse colon depicts colon sections (left) (created
via Biorender). (B and C) Lengths of small (B) and large (C) intestines from separate cohorts were
measured on last day of DSS treatment (day 7) and 2 d after switching to regular drinking water (day
9) (5 per sex). Small intestines in DSS-treated group were longer than those in healthy controls.
Colons from DSS-treated mice were significantly shorter than those from healthy group on day 7, but
there was no significant difference in length after switching to normal drinking water on day 9. (D) Tis-
sue distribution of 1L12/23p40 radiotracer in healthy and DSS-treated mice at 48h after injection.
Separate DSS-treated cohort was coinjected with excess of unmodified anti-IL23p40 for competitive
binding with radiotracer (5 female animals per cohort). (E) Uptake of tracer in small intestines, colon,

and cecum. *P < 0.05. ***P < 0.001. ***P < 0.0001.

[P = 0.0125]; female, 3 *=0.58 vs. 2.04 +0.05ng/mL [P =
0.0473]). A correlation between IL12/23p40 levels in sera on day 5
and [*°Zr]Zr-DFO-anti-IL12/23p40 uptake in the small intestine and
cecum (measured from the ex vivo distribution study) indicated a
direct relationship between IL12/23p40 concentration and radiotracer
uptake in the male group (Fig. 5B). A positive correlation, albeit not
significant, was observed between 1L12/23p40 in the serum and
radiotracer uptake in the colon (Supplemental Fig. 4A; supplemental
materials are available at http://jnm.snmjournals.org). In the female
group, correlations between the serum level of IL12/23p40 and radio-
tracer uptake in the colon, cecum, and small intestine were not signif-
icant (Supplemental Fig. 4B).
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anticipated to impose increasing health
and economic burdens (2). Patients from
industrialized western countries are those
primarily affected by IBD. However, the
prevalence and incidence are increasing
worldwide, specifically in newly industri-
alized countries (2). On ultrasound alone,
approximately 3.1 million adults were
diagnosed with this autoimmune condition
in 2015, with an increased prevalence
observed for people over 45y old, His-
panic and non-Hispanic white people, and
those with low levels of education (27).
Thus, addressing this autoimmune condi-
tion before it becomes a global issue is
critical. In addition, management and surveillance of IBD are cru-
cial because it predisposes patients to a higher risk of CRC (28).
Colitis is further observed as an immune-related adverse event
associated with immune checkpoint inhibitors (29) and can be life-
threatening at higher grades (30).

The current diagnostic standard of care is reliant on endoscopy
or colonoscopy to assess mucosal inflammation. However, endos-
copy or colonoscopy can image only superficial tissue architec-
tures. These approaches reveal very little about the molecular
characteristics of a patient’s disease, especially when inflammation
is occurring deep within the mucosal layer before anatomic
changes are observed (37). Moreover, this approach carries the
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FIGURE 5. Correlation of serum IL12/23p40 with [®°Zr]Zr-DFO-anti-
IL12/23p40 tissue uptake. (A) IL12/23p40 in serum showing increased
expression 5 d after DSS administration in male (n = 5) and female (n = 3)
mice. (B) Strong positive correlation between IL12/23p40 serum concen-
tration and radiotracer uptake in male group. *P < 0.05.

risk of bowel perforation, which can lead to bleeding. Noninvasive
molecular imaging techniques can potentially overcome these lim-
itations and improve IBD staging and diagnosis.

Here, we have presented the development of a noninvasive and
quantitative imaging agent via immuno-PET that is directed against
1L12/23p40, successfully achieving detection of acute inflammation
in a DSS-induced mouse model of colitis. We have shown that
[¥Zr]Zr-DFO-anti-IL12/23p40 was able to detect IL12/23p40 in
the colons of DSS-treated mice. We have demonstrated the radio-
tracer’s specificity in both in vitro and in vivo competitive binding
studies as well as when compared with a radiolabeled nonspecific
antibody, which failed to delineate intestinal inflammation. The
results of the biodistribution study clearly demonstrated increased
uptake in the gastrointestinal tissues of the colitis mice, reflecting
the PET imaging results.

In our hands, intestinal inflammation developed in the mice 5 d
after administration of DSS, as marked by significant weight loss
and high disease activity index scores. Different small- and large-
intestine lengths in healthy versus DSS mice confirmed the intesti-
nal inflammatory status of the latter, with measurements that agree

PET ImAGING oF IL12/23P40 INIBD

30

20

104

%IL12b+ cellsitotal cells

Healthy DSS

FIGURE 6. In situ hybridization to detect transcripts of 1L12/23p40
(IL72b) in intestinal tissues of healthy and DSS mice. (A) Higher IL12b
expression (red staining) in DSS-treated mice (top left) than in healthy
mice (top right). Bottom figures represent individual cells analyzed by
HALO software of healthy (left) and DSS-treated (right) colons. Purple out-
lines represent positive cells expressing IL12b, and cell nuclei are marked
in blue. (B) Quantitative analysis of messenger RNA levels of IL12/23p40
(=5 fields of view from 1 tissue section). Cytokine expression is higher in
DSS-treated than healthy mice. **P < 0.01.

well with prior reports (/9). The radiotracer [3°Zr]Zr-DFO-anti-
IL12/23p40 was injected on day 5. We have determined that
the optimum imaging time point at which a high signal-to-noise
ratio can be achieved is between 24h (day 6) and 48h (day 7)
after injection. The ex vivo imaging of excised large intestines
displayed sporadic accumulation in the cecum and in different
sections of the colon. We first endeavored to remove the feces.
However, on removal, the PET signal decreased to almost back-
ground. We posit that the tracer is not bound to the gastrointestinal
wall because it binds to soluble 1L12/23p40, released in the extra-
cellular milieu. Moreover, the cytokine binds to its receptor,
which is present on trafficking immune cells. Thus, the PET
signal from the images taken on different days is not localized
(Fig. 3A).

One of the challenges we encountered in this study lies in the
fact that inflammation is a dynamic immune event. The immune
microenvironment during a state of inflammation is transient, with
immune cells trafficking between the gut and peripheral lymphoid
tissues to initiate and sustain inflammatory activity (32). More-
over, the severity of inflammation can vary in location and per ani-
mal, despite ensuring similar age and environmental conditions.
This was evidenced through ex vivo images of the large intestines
(Supplemental Fig. 3D) and through the disease activity index,
where clinical manifestations (e.g., fecal blood, stool consistency)
varied per mouse (Supplemental Table 1). As a result, discrepan-
cies in radiotracer uptake between separate groups of animals used
for imaging and those used for biodistribution can be misappro-
priated as discordant.

A growing body of evidence indicates that circulating IL23 may
be a biomarker of disease severity in patients with IBD (33). Luca-
ciu et al. have shown that for differentiating mild from severe
inflammation, IL23 (from serum) is a diagnostic marker superior to
current standard-of-care inflammation markers such as C-reactive
protein and fecal calprotectin (34). Another study has shown that
the enhanced serum levels of IL12p40 significantly correlate with
clinical and endoscopic disease activity in patients with IBD (35).
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In our study, we showed that elevated 1L.12/23p40 was detected by
the radiotracer within the intestinal site and displayed a positive
correlation between the ceca and small intestines with serum
1L12/23p40 in male mice. We did not find a correlation between
serum levels of IL12/23p40 and uptake of [¥°Zr]Zr-DFO-anti-
IL12/23p40 in the colons of DSS-treated male mice, although a
positive but nonsignificant trend was observed (Supplemental
Fig. 3A). This is likely due to heterogeneity in immune activity and
varying severities of inflammatory response, which can differ
among mice despite their similar genetic backgrounds and housing
conditions.

A sex disparity in inflammatory response to mucosal injury was
evident in our study, and it was clearly delineated by the radio-
tracer. DSS-induced colitis in male mice resulted in significantly
higher inflammation than that in female rodents, as demonstrated
by disease activity index scores, a finding that parallels findings by
others (36). Sex differences have long been recognized in IBD
susceptibility and disease severity, but they remain poorly under-
stood (37). The estrus cycle has been shown to influence IBD
pathogenesis by controlling intestinal permeability, which is lower
at the proestrus stage when estrogen peaks (38). Ogawa et al.
reported that the gut of female rodents withstands the damaging
effects of hypoxia and acidosis better than the gut of male rodents,
but this disparity was eliminated on administration of estradiol to
male rats, demonstrating the protective role of estrogen (33).
Moreover, estrogen has been shown to exert an antiinflammatory
function in the gut by reducing immune infiltration and cytokine
secretion during colitis, which leads to significantly lower inflam-
mation, as demonstrated by Houdeau et al. and Harnish et al.
(39,40).

Other molecular agents to image IBD have been investigated.
To date, clinical SPECT and PET imaging of IBD is restricted to
using "'In- or **™Tc-radiolabeled leukocytes and ['*F]-FDG,
none of which provides clinical information (/7,41). Leukocyte
SPECT imaging suffers from poor-quality images, and the radiola-
beling is a time-consuming process (42). ['8F]-FDG PET can iden-
tify inflammation, but its highly variable tissue uptake limits its
utility as a diagnostic tool (43). ['®F]-FDG marks cellular metabo-
lism, providing information about the energy consumption of
mucosal-layer—infiltrating immune cells within the inflamed tissue.
This information can be useful for imaging glycolytic activity of
immune cells but not for assessing mediators of inflammation
(16). A significant drawback of using ['®F]-FDG in IBD is that
many individuals have progressive physiologic uptake in the gut,
particularly in the large bowel, which may make it difficult to
diagnose IBD in colonic segments (44). Additionally, patients
with diabetes who use antidiabetic medications (such metformin)
may experience significant absorption in the large bowel, affecting
the inflammatory readout from the tracer (45). New immuno-PET
agents were developed and have shown excellent target selectivity;
however, to date, their application to IBD detection is limited
to preclinical studies. Freise et al. showed delineation of CD4"
T cells that are present in inflamed colons of DSS mice using
a murine CD4 diabody (GKI1.5) radiolabeled with ¥Zr (19).
Imaging CD4 precludes assessment of other proinflammatory
immune cell phenotypes that contribute to this autoimmune condi-
tion (46,47). The innate immune markers CD11b and IL-1B were
detected by 3°Zr-conjugated antibodies targeting these molecules.
Both immuno-PET agents detected colonic inflammation, but
[8Zr]Zr-anti-IL-18 was more specifically accumulated in the
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gastrointestinal tract than was [¥°Zr]Zr-anti-CD11b, which was
dispersed to other tissues (/2). However, the role of IL-1$ in IBD
is far from clear, stemming from the lack of positive response in
patients given the targeted blockade (/2). Recently, an immuno-
PET agent was developed for targeting tumor necrosis factor-a in
DSS-induced colitis mice using 3°Zr-labeled mAb infliximab. Ele-
vated levels of [¥°Zr]Zr-DFO-infliximab were observed in the
colon of colitis mice compared with the healthy control and
blocked groups (27). However, 30%—-50% of patients eventually
relapse from tumor necrosis factor-a blockade due to IL23-
mediated resistance, which makes this new radiotracer more rele-
vant as a predictive biomarker of response to therapy (48).

Our previous work developed and assessed an immuno-PET
imaging agent specific for IL12p70 that detected the cytokine glob-
ally in an induced inflammation model (49). Compelling studies
have shown that IL23 rather than IL12 plays a major proinflamma-
tory role in IBD, which eliminates the targeting of IL12p70 as a
method for imaging IBD. In this regard, the p40 subunit shared
between IL12 and IL23 was demonstrated to be one of the media-
tors of inflammation and may be an appealing target for diagnosis
and treatment of IBD. In fact, ustekinumab is an antihuman
IL12/23p40 mAb currently deployed as the standard of care for
Crohn disease patients and those with moderate to severe ulcerative
colitis. Thus, the development of a companion diagnostic is an
apparent rational next step (23).

Mouse 1L.12/23p40 is only 70% homologous to the human ver-
sion (50). Consequently, we rationalize that proof-of-concept stud-
ies—as for all immunologic studies that use antibodies—will be
better achieved if we use antibodies that target the host’s protein
(e.g., mouse IL12/23p40) and will eliminate variables that can
confound the study. Indeed, using an antimouse 1L12/23p40 anti-
body to target mouse 1L12/23p40 precludes a straightforward
application of the tracer in humans and limits the application in
mice. However, our data establish proof that the tracer can delin-
eate gastrointestinal inflammation, laying the groundwork for
developing a tracer for human application.

A clear limitation of this radiotracer is its bispecificity for IL12
and IL23 because both share the p40 subunit, making it difficult to
provide an absolute measure of IL23. IL12 (through IL12a)
expression is 10-fold lower than that of IL23, suggesting that it is
indeed IL23 that mediates the inflammation in this mouse model.
Another limitation lies in the potential of the antibody to neutralize
IL12/23p40, consequently decreasing IL12 and IL23 expression,
which we have observed during in vivo competitive binding stud-
ies and during imaging studies. To address this, work is under way
to develop nonneutralizing second-generation mAb fragments that
are specific to IL23.

Our findings demonstrate that our 1L12/23p40 tracer constitutes
a novel approach to delineate IBD selectively and robustly in this
model of acute inflammation. The promising findings from this
study have major implications in IBD treatment as a noninvasive,
quantitative, and molecular technique for its diagnosis, potentially
improving the standard of care. Although there is a risk associated
with radiation produced by radiopharmaceuticals agents, the advan-
tages of PET imaging—in this case, informing inflammatory activ-
ity by imaging IL12/23p40—far outweigh exposure of patients to
radiation, which can easily be mitigated by administering safe
doses. Furthermore, 1L12/23p40 immuno-PET can provide useful
insight for patient treatment, including those who will potentially
respond to its blockade.
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CONCLUSION

To the best of our knowledge, this is the first report illustrating
the preliminary development of an IBD immuno-PET imaging
tool specific for IL12/23p40. This new imaging technology can
potentially facilitate detection and accurate staging of IBD in
patients via generation of a global in vivo inflammation map of
the entire gastrointestinal tract.
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KEY POINTS

QUESTION: What is the potential of IL12/23p40 immuno-PET to
visualize IBD?

PERTINENT FINDINGS: IL12/23p40 immuno-PET selectively and
robustly delineated acute inflammation in an induced-colitis mouse
model via monitoring IL12/23p40, making it a novel imaging
technology that can potentially facilitate early detection of IBD.

IMPLICATIONS FOR PATIENT CARE: The findings of this study
are significant because it potentially represents a new category of
diagnostic tool for surveillance and diagnosis of IBD. Imaging
IL12/23p40 is an innovative and minimally invasive approach

for identifying the dominant signaling pathway to guide clinical
decisions on appropriate treatment.
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The purpose of this study was to quantify any differences between the
SUVs of 8Zr immuno-PET scans obtained using a PET/CT system
with a long axial field of view (LAFOV; Biograph Vision Quadra) com-
pared to a PET/CT system with a short axial field of view (SAFOV; Bio-
graph Vision) and to evaluate how LAFOV PET scan duration affects
image noise and SUV metrics. Methods: Five metastatic breast can-
cer patients were scanned consecutively on SAFOV and LAFOV
PET/CT scanners. Four additional patients were scanned using only
LAFOV PET/CT. Scans on both systems lasted approximately 30 min
and were acquired 4 d after injection of 37 MBq of 8Zr-trastuzumab.
LAFQV list-mode data were reprocessed to obtain images acquired
using shorter scan durations (15, 10, 7.5, 5, and 3 min). Volumes of inter-
est were placed in healthy tissues, and tumors were segmented semi-
automatically to compare coefficients of variation and to perform
Bland-Altman analysis on SUV metrics (SUVmax, SUVpear, and SUV-
mean)- Results: Using 30-min images, 2 commonly used lesion SUV
metrics were higher for SAFOV than for LAFOV PET (SUV yax, 16.2% *+
13.4%, and SUVpea, 10.1% *+ 7.2%), whereas the SUV yean Of healthy
tissues showed minimal differences (0.7% = 5.8%). Coefficients of vari-
ation in the liver derived from 30-min SAFOV PET were between those
of 3- and 5-min LAFOV PET. The smallest SUVmax and SUV 4 differ-
ences between SAFOV and LAFOV were found for 3-min LAFOV PET.
Conclusion: LAFOV #Zr immuno-PET showed a lower SUV sy and
SUVpear than SAFOV because of lower image noise. LAFOV PET scan
duration may be reduced at the expense of increasing image noise and
bias in SUV metrics. Nevertheless, SUVgeax showed only minimal bias
when reducing scan duration from 30 to 10 min.

Key Words: immuno-PET; zirconium; scan duration; LAFOV; PET/CT
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Immuno-PET refers to imaging of radiolabeled monoclonal anti-
bodies (mAbs) by means of PET, which makes it possible to study
their biodistribution and tumor targeting. This molecular imaging
technique has shown promise in improving and tailoring therapy
with existing mAbs, as well as in developing novel mAbs more effi-
ciently (/-6). To match the slow kinetics of mAbs, radionuclides
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with a long half-life are used, such as 8°Zr, thereby enabling PET
measurements over several days. The longer half-life, however, is
associated with a higher radiation dose than for short-lived radionu-
clides, and thus, the amount of activity that can be administered
to patients is limited (7,8). As a result, longer scan durations are
required to obtain adequate image quality, especially at later imag-
ing time points.

The introduction of PET/CT systems with silicon photomulti-
pliers and time-of-flight image reconstruction capabilities already
has improved the signal-to-noise ratio of PET measurements,
which, in turn, has led to a reduction in scan duration or activity
administration (9—/2). The more recent introduction of PET sys-
tems with a long axial field of view (LAFOV), with their increased
sensitivity (/3), further improves the signal-to-noise ratio (14,15),
leading to several new opportunities in clinical practice and
research (/6—18). To use these new-generation of PET/CT systems
efficiently, it is necessary to optimize scan protocols and under-
stand the impact of various parameters on SUVs.

In the case of ¥Zr immuno-PET, typical scan durations for
standard axial field of view (SAFOV) PET/CT systems at 4 d after
injection of 37 MBq of a labeled mAb are 30 min for a PET/CT
system with 210-ps (10) time-of-flight and 45 min for an earlier-
generation system with poorer time-of-flight resolution (527 ps
(19)) (20). For later imaging time points, such as on day 7 after
injection, with an earlier-generation system, scan duration may
have to be increased to 2h to obtain adequate count statistics for
reasonable image quality (21).

The increased sensitivity of LAFOV PET/CT systems provides
several options for 3°Zr immuno-PET. First, it improves the
signal-to-noise ratio of the PET measurement and thereby leads to
better image quality. Furthermore, the scan duration may be short-
ened, resulting in greater patient comfort and a lower demand on
scanner time. Finally, there is the possibility to lower the injected
dose of a 3°Zr-labeled mAb, thereby enabling immuno-PET stud-
ies in nononcologic and younger patients.

In this study, SUV and coefficient of variation (COV) as ob-
tained with a 106-cm LAFOV Biograph Vision Quadra PET/CT
system (Siemens Healthineers) versus a 26.3-cm SAFOV Biograph
Vision PET/CT system (Siemens Healthineers) were compared for
87r immuno-PET. In addition, the possibility of shortening the
scan duration and its effect on SUV and COV were assessed, as
this has not yet been explored for °Zr-labeled tracers imaged with
LAFOV PET/CT.

LAFOV ¥Zr Immuno-PET - Mohretal. 1815



MATERIALS AND METHODS

Patient Population

Nine patients diagnosed with metastatic human epidermal growth factor
receptor 2—positive breast cancer were included. PET scans with 37 MBq
(range, 35-39 MBg; effective dose, ~17 mSv (22)) of 3Zr-trastuzumab
(50-mg protein dose) were performed to assist in clinical decision-making
(23). Patients (female; weight range, 59-80 kg) were enrolled in this study
between November 2021 and January 2023. Five patients underwent 2
scans, first with SAFOV PET/CT and then with LAFOV PET/CT. The 4
remaining patients were scanned with LAFOV PET/CT only.

The medical ethics review committee of the University Medical Cen-
ter Groningen waived the need for a formal ethical review of the valida-
tion protocol for the Biograph Vision Quadra PET/CT system (waiver
METc2020/554). Patients were informed about the study aims and proce-
dures and the need to acquire an additional low-dose CT scan (average
effective dose, ~2 mSv). All subjects gave written informed consent.

Imaging and Reconstruction Protocol

Scans on both PET/CT systems, each lasting approximately 30 min,
were acquired 4 d after injection of 3°Zr-trastuzumab. The average time
difference between scans on the 2 systems was 38min (range,
31-49min). On the SAFOV system, the data were acquired with con-
tinuous bed motion (24) for approximately 30min (slightly varying
with patient length) and with a variable number of passes (either 1 or
4). On the LAFOV system, data were acquired in list mode for 30 min
using a single bed position with a fixed field of view of 106 cm. The
axial length of the SAFOV images was variable and slightly shorter (on
average, 7%) than that of the LAFOV images.

For both scanners, PET data were reconstructed using 3 different
protocols. First, a local clinical reconstruction protocol (hereafter
referred to as CLIN) was applied, which was an ordinary Poisson
ordered-subset expectation maximization 3-dimensional iterative time-of-
flight algorithm (25) using 4 iterations and 5

Semiquantitative Image Analysis

Reconstructed PET images were analyzed using the quAntitative
onCology moleCUlaR Analysis suiTE (ACCURATE), version
06022022 (29). Spherical volumes of interest (VOIs) were placed in
the blood pool (ascending aorta), kidney cortex, spleen (diameter of
1.5 cm), and liver (diameter of 3 cm (30)) to assess the SUV metrics of
healthy tissues. In addition, COVs were calculated for liver VOIs using
SD and mean activity concentration in the VOI. VOIs for healthy tis-
sues were placed individually per system and reconstruction type for
the total-scan-duration images and subsequently were reused for the
lower scan durations of LAFOV PET after visually verifying their posi-
tion. For lesion segmentation, the semiautomated method A50P was
used, which uses 50% of the lesion SUV .., while correcting for local
background activity around the lesion (37). This lesion segmentation
was performed individually on each reconstructed image. A maximum
of 5 lesions per patient were included to avoid a bias toward 1 patient.
In general, lesions with the highest uptake were selected, and small
lymph nodes with a volume of less than 0.5 mL were excluded to avoid
partial-volume effects (32).

Statistical Analysis

For tumors, SUV ,c and SUV,,¢c were compared between the 2
PET/CT systems, whereas for healthy tissues, SUV s, SUV e, and
SUV hean Were compared. Comparison between the systems was per-
formed using Bland—Altman plots (33). LAFOV measurements were
selected as baseline measurements, and the relative difference (d)
between SUVs measured using the 2 systems was defined as

SUVsarov —SUVLarov
SUVLarov

These differences were expressed as percentages to account for var-
iations in the absolute magnitude of SUVs in different tissues.

d= X 100%.

subsets, with point spread function incorporated
(26) and with no filtering. The resulting image
size was 440X 440 with a voxel size of
1.65X 1.65 X 1.50 mn?’. In addition, European
Association of Nuclear Medicine Research Ltd.
(EARL)-compliant images were obtained using
the same reconstruction algorithm with 4 itera-
tions and 5 subsets but with a matrix size
of 220X 220, a voxel size of 3.3X3.3X
1.5 mm?, and a postreconstruction isotropic
gaussian filter of Smm (in full width at half
maximum) for EARL standard 2 (EARL2 (27))
and 7mm for EARL standard 1 (EARLI (28)).
Data acquired with LAFOV PET/CT were
reconstructed with a maximum ring difference
of 85 (/3) because reconstruction with a larger
maximum ring difference was not available in
the current system software.

For the comparison of LAFOV and

30 min

10 min

LAFOV

5 min

3 min

CLIN EARL2

] / L

-r}‘,?\q' ¢ . 8

ke 4

SAFOV systems, the following images were
obtained per patient (n = 5): SAFOV-CLIN,
SAFOV-EARLI1, SAFOV-EARL2, LAFOV-
CLIN, LAFOV-EARLI, and LAFOV-
EARL2. For the investigation of lowering
scan duration, the following images were
obtained per patient (n = 9) for both EARLI

30 min

SAFOV

“n

and EARL2 settings: LAFOV-15, LAFOV-10,
LAFOV-7.5, LAFOV-5, and LAFOV-3, corre-
sponding to reduced scan durations of 15, 10,
7.5, 5, and 3 min, respectively.

FIGURE 1.

1816

Axial images of patient scanned on both scanners for approximately 30 min (LAFOV:
Biograph Vision Quadra, SAFOV: Biograph Vision) on day 4 after injection of 37 MBq of 89Zr-trastu-
zumab, showing small metastasis in iliac bone (arrow). Images are shown for 2 reconstruction proto-
cols and for reduced scan durations of 10, 5, and 3 min for LAFOV PET.
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10min on the LAFOV PET/CT system,
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Semiquantitative Image Analysis
Comparisons of tumor lesion SUV .
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SUVimax and the SUV,e, of the lesions
were lower for LAFOV than for SAFOV
. PET. Comparing images reconstructed

according to the CLIN protocol, we found
that the mean difference between SAFOV
and LAFOV PET was 71.9% = 33.8% for
SUVmax and 13.4% * 10.2% for SUV e,i.
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These differences were less pronounced
for EARL2-reconstructed images, that is,

8 10 12

FIGURE 2. Relative differences between SAFOV and LAFOV lesion SUV a4 and SUVeqi for CLIN-
and EARL2-reconstructed images based on 5 patients with total of 10 lesions. Different marker
(star) was used for 1 patient, because LAFOV scan duration was only 10 min instead of 30 min. CLIN

SUVax subplot has larger y-axis limits.

For investigating lower LAFOV PET scan durations, SUVs acquired
with shorter scan durations (15, 10, 7.5, 5, and 3 min) were compared
with corresponding values of the full scan duration (30 min). Bias was
expressed as

_ SUVirarov, :—SUVLAFoV, 30 min

bias (%) = X 100%,

SUVLAFOV, 30 min

where SUV[ arov, ; is the SUV acquired with a reconstructed scan
duration of ¢t = 15, 10, 7.5, 5, and 3min, and SUVyarov, 30 min 1S
the SUV acquired using the full scan duration.

SUV metrics between systems and between LAFOV PET scan
durations were compared using Wilcoxon signed-rank tests, as, in gen-
eral, these differences were not normally distributed.

RESULTS

Figure 1 shows example axial PET images from a patient scanned
on both systems for 2 reconstruction protocols and 3 reduced
LAFOV PET scan durations (10, 5, and 3 min). Supplemental Figure
1 provides another patient example with sagittal images (supplemen-
tal materials are available at http:/jnm.snmjournals.org). In total, 10
lesions were included across the 5 double-scanned patients, and 27
lesions were included across all 9 patients who were scanned on the

15.7% = 12.8% for SUV .y and 9.5% =
7.0% for SUV ,car. All reported differences
were statistically significant (P < 0.01). In
this comparison, the 2 lesions from the
patient scanned for only 10min with the
LAFOV PET/CT system were included.
The SUVs for these lesions were lower with 10 min of LAFOV
than with 30 min of SAFOV PET.

The large differences in SUV,, and SUV,cq between the 2
systems when using the CLIN reconstruction protocol support the
recommendation that quantification should be performed with
EARL-compliant image reconstructions to allow harmonization
between different scanners (27,34). Therefore, the following
results focus on EARL2-reconstructed images. Since EARLI is
still recommended for 8Zr immuno-PET using the Vision (35),
results for EARL 1-reconstructed images can be found in Supple-
mental Figures 2—6.

Although for healthy tissues only SUV .., is usually reported,
normal-tissue SUV ., and SUV ¢y differences between the 2 scan-
ners can complement the above observations for the lesions. The
SUVmax and SUV e of healthy tissues were also lower with
LAFOV than with SAFOV (Fig. 3). The mean and SD were 18.6%
*+ 11.4% for SUVyax and 7.2% =+ 6.7% for SUV eq. On the other
hand, the SUV ., of healthy tissues showed only a minimal differ-
ence of 0.7% * 5.8%. SUVx and SUV ¢y Were statistically signif-
icantly different (P < 0.01), whereas SUV can Was not (P = 0.98).

COVs derived from the liver VOIs on EARL2-reconstructed
images of patients who were scanned twice are shown in Figure 4
and were, on average, 13.4% for 30-min

SAFOV (n = 5); 5.6% and 6.8% for 30-
and 15-min LAFOV (n = 4), respectively;

and 7.9%, 9.3%, 12.2%, and 15.4% for
10-, 7.5-, 5-, and 3-min LAFOV (n = 5),

* w ; respectively. Since COV is an indicator of

image noise, the noise level of 30-min
SAFOV images seems to be between that

A SUVmax B SUVpeak C SUVmean
— A0 40 40
ok
= -
E 20 m 20 20
) R -
S0 o o 0 . B 0
=
D -20 -20+ -20
(I
B -4n 40 -40
4 & 8 10 p1 6 8 [
Avarage SUVmax Average SUVpeak Average SUVmean

[ of 3- and 5-min LAFOV images.
Figure 5 shows the effect of reducing

FIGURE 3. Relative differences between SUVax (A), SUVpeax (B), and SUViean (C) of healthy-
tissue VOIs for SAFOV compared with LAFOV EARL2-reconstructed images. Different marker (star)
was used for 1 patient, because scan duration was only 10 min instead of 30 min on LAFOV.

LAFOV PET scan duration on lesion
SUVmax and SUV .. and on healthy-tissue
SUVinean, expressed as a percentage
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FIGURE 4. COV in spheric liver VOI (3-cm diameter) in EARL2-
reconstructed images for 5 patients (visualized with different colors)
scanned on both SAFOV and LAFOV PET systems for approximately
30min. One patient was scanned for only 10 min on LAFOV system,
resulting in 4 patients for LAFOV-30 and LAFOV-15.

difference relative to the values of the full scan duration
(30 min). Lesion SUV,,,,, was, on average, higher for lower scan
durations, with differences of 1.3%, 4.2%, 6.1%, 11.1%, and
16.7% for 15, 10, 7.5, 5, and 3 min, respectively; 15-min SUV-
max Was not significantly different (P = 0.44), but significant dif-
ferences were found in the 10-min scans (P < 0.05), as well as
in the lower scan durations (P < 0.01). Lesion SUV ¢, also
showed, on average, a positive, although less pronounced, bias
for lower scan durations, with 0.4%, 1.4%, 2.3%, 3.0%, and
5.1% for the progressively decreasing scan durations. Significant
differences were not found for 15 min (P = 0.73) and 10 min (P
= 0.11) but were found for 7.5min and Smin (P < 0.05), as
well as 3min (P < 0.01). For individual lesions, the bias can be
higher than these average values, given that corresponding SDs
were 5.2%, 7.4%, 8.9%, 12.4%, and 14.2% for SUV . and
2.6%, 3.1%, 4.0%, 5.3%, and 6.8% for SUV ¢, for 15, 10, 7.5,
5, and 3 min, respectively. A small, statistically significant (P <
0.01) positive bias of 1.3%, 2.0%, 1.8%, 2.4%, and 3.0% in the
SUV hean Of healthy tissues was also observed with reducing
scan durations (Fig. 5, right). This bias, in addition to the noise
component, contributes to the reported differences in SUV .
and SUV i for lower scan durations.

Considering the increasing SUV metrics with decreasing scan
duration, we also compared the lesion SUV of SAFOV PET with
that of 3-min LAFOV (Fig. 6). The smallest difference in lesion
SUVs between SAFOV and any of the LAFOV PET images was
found for 3-min LAFOV, with a mean (*=SD) difference of
2.8% = 16.1% for SUV yax and 7.1% = 9.0% for SUV peax.

DISCUSSION

This study confirmed that also for ®Zr immuno-PET images, the
increased sensitivity of a LAFOV PET/CT system results in better
image quality than does a state-of-the-art SAFOV PET/CT system.
The focus of the present study was, however, on the semiquantitative
performance of the 2 systems for ¥Zr immuno-PET/CT imaging and
the possibility of reducing scan duration with LAFOV PET.

SAFOV immuno-PET showed a significantly higher lesion
SUVnax and SUV ey, than did LAFOV immuno-PET for both the
CLIN and the EARL reconstruction protocols. For the CLIN recon-
struction protocol, the mean differences in lesion SUV were as
high as 62% for SUV . and 16% for SUV ., and they were
associated with a large SD. These differences were less pronounced
in the EARL2-reconstructed images. However, even SUV ..
derived from EARL2-reconstructed images showed a mean differ-
ence of 9.5% = 7.0% (6.6% = 7.1% for EARLI1, Supplemental
Fig. 2). Nevertheless, these results strongly support the use of
EARL reconstruction protocols and SUV e, for comparison of
SUVs between different scanner types, as this combination pro-
vides the smallest differences. In addition, these results suggest that
for °Zr immuno-PET applications, on average, there may be, even
with EARL reconstruction protocols and SUV ¢, slightly higher
values with SAFOV than with LAFOV.

Differences in SUV,x and SUV ¢, most likely are due to dif-
ferent noise levels in the images, as both metrics are noise-
sensitive, resulting in upward bias, as shown by earlier studies
(36-38). This explanation is also supported by the fact that no sig-
nificant differences in SUV .., (With better statistics) were found
between healthy-tissue VOIs. Therefore, a higher SUV ., and
SUV,,cak can be attributed to noise in the underlying data rather
than to inherent bias.

The reported sensitivities according to the standard National
Electrical Manufacturers Association protocol are 16.4 cps/kBq for
the Biograph Vision (/0) and 83 cps/kBq (maximum ring differ-
ence, 85) for the Biograph Vision Quadra (/3), both measured with
a 70-cm line source at 1 bed position, resulting in a factor of
approximately 5 between the 2 scanners. However, the necessary
field of view for the clinical immuno-PET acquisition reaches from
the patient’s skull base to the mid thighs (approximately 1 m), which
requires a continuous-bed-motion acquisition with the SAFOV
PET/CT scanner, different from the National Electrical Manufac-
turers Association sensitivity measurements.

A similar direct comparison of the 2 systems has shown that, for
shorter-lived tracers (labeled with '8F or ®Ga), LAFOV PET pro-
vided a liver signal-to-noise ratio equivalent to that of SAFOV PET

but with an approximately 8-9 times reduc-
tion in scan duration (/4). The intraindivi-

dual comparison of the 5 double-scanned

A a0is ° B 40 C 40 patients in the present study confirms this
€ &, £ e 8= o result for a long-lived *°Zr-labeled tracer, as
w " o o 2 -] . o
<3 g \E\a__a\g B2 B8 g o . '-"‘3%1 g g B 8 a 8 the COV for a llYer VOI of the 30-min
88 e ¥ g gl 2 g g & 8 ° “lgg [Ty ¥ F N SAFOV scans was in the same range as that
320 32 - of 3- and 5-min LAFOV scans.
—40 —40 2 —40 Investigation of the effects of reducing
3 5 75 10 15 3 5 75 10 15 3 5 75 1o 15 LAFOV PET scan duration on semi-
Scan duration (min) Scan duration (min) Scan duration (min) quantitative metrics was restricted to
FIGURE 5. (A and B) Tumor SUV . (A) and SUV e (B) bias of lower scan durations compared EARL-reconstructed images, as EARL

with full scan duration of 30 min for EARL2 LAFOV PET, based on 25 lesions across 8 patients.
(C) Healthy-tissue SUVeqn bias, based on 8 patients each with 4 healthy tissue types. Solid line joins

averages between scan durations.
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reconstruction settings are preferable for
harmonization between different PET/CT
systems (27). Previously, it was shown that
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e " durations. In addition, other factors may
affect SUVs, in particular effects of motion
and, potentially, tracer kinetics. The effect
of the latter is expected to be minimal
because of the relatively slow kinetics of
mAD tracers. The results for this specific
mAb tracer, 3°Zr-trastuzumab, are expected
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FIGURE 6. Relative differences between SAFOV (~30 min) and LAFOV-3 (3 min) SUVax (A) and
SUVpeak (B) of lesions for EARL2-reconstructed images, based on 5 patients with total of 10 lesions.

EARL?2 was the preferred reconstruction protocol for ['8F]FDG scans
acquired on a LAFOV PET/CT system (34). For the present compari-
son of ¥Zr-immuno-PET scans, EARL1-reconstructed images were
also considered (supplemental materials). EARL1 images resulted in
only slightly smaller differences between LAFOV and SAFOV scan-
ners than EARL2 images. This finding can be attributed to the higher
degree of smoothing using a 7-mm rather than a 5-mm postrecon-
struction filter.

For EARL2-reconstructed images, scan duration could be reduced
to 10 min (reduction by a factor of 3), leading to only a very small
bias of 1.4% * 3.1% in SUVj., whereas lower scan durations,
especially in combination with SUV,,,,, resulted in larger bias. A
reduction in scan duration is associated with an increase in image
noise, but for a 10-min LAFOV scan, this is still lower than for a
30-min SAFOV scan. It should also be noted that the lower noise
levels of LAFOV PET images reconstructed using the CLIN proto-
col, compared with SAFOV PET CLIN images (Fig. 1), may be ben-
eficial for visual assessment of small lesions.

On the basis of noise levels in the liver, the SUV metrics of
SAFOV best matched those of 3-min LAFOV acquisitions. How-
ever, when the large SD of the SUV differences is also taken into
account, matching the noise level of LAFOV to that of SAFOV is
not the preferred solution for 8971 immuno-PET, as it leads to less
repeatable SUV quantification, which may compromise its use as
a potential biomarker for treatment response (39).

As an alternative to reducing the scan duration, the injected dose
can be reduced by the same factor while keeping the original scan
duration. Current immuno-PET protocols, based on the administration
of 37 MBq of a Zr-labeled tracer, have an effective radiation dose
of around 17 mSv (22). So, a reduction of the injected activity by a
factor of 3 would give a radiation dose well below 10 mSv and there-
fore opens up 3°Zr-immuno-PET applications in nononcologic dis-
eases and young patients (e.g., inflammatory targets (40)). The third
direction in which the increased sensitivity can be exploited concerns
scanning later than day 4 or 7 (41) with reasonable scan durations.

The average total coincidence rate of the LAFOV acquisitions
was approximately 7 X 10* coincidences per second, including about
23% random coincidences. A blank scan provided an overall coinci-
dence rate (due to the lutetium orthosilicate background) of about
5 X 10° coincidences per second (7% of the immuno-PET coinci-
dence rate) with more than 99% random coincidences. Therefore,
lutetium orthosilicate activity should not be problematic for a dose
reduction by a factor of 3—4. However, when the dose is reduced
further or scans are performed at substantially later time points (e.g.,
10 d after injection), the lutetium orthosilicate background could
become more significant.

to be valid also for other 3°Zr-labeled full
mADbs with similar biologic behavior. How-
ever, further studies including a broader
patient population and using different 5°Zr
immuno-PET tracers will be useful to optimize LAFOV immuno-
PET scan protocols.

CONCLUSION

8Zr immuno-PET SUV,.x and SUV,., were lower for
LAFOV than for SAFOV because of lower image noise. With
LAFOV PET/CT, the scan duration for 8°Zr-labeled mAbs may be
reduced by up to a factor of 3 and still achieve lower levels of
image noise than with state-of-the-art SAFOV PET/CT or may be
reduced by a factor of approximately 8 to match noise levels.
Lesion SUV ¢, derived from EARL-reconstructed images is the
preferred metric for comparison between the 2 system types or dif-
ferent LAFOV scan durations.
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KEY POINTS

QUESTION: How do SUVs differ between SAFOV and LAFOV in
897 immuno-PET imaging, and how does LAFOV scan duration
affect them?

PERTINENT FINDINGS: Patients were scanned consecutively
with SAFOV and LAFOV PET/CT scanners 4 d after injection of
37 MBq of 89Zr-trastuzumab, and various SUV metrics were
compared. SAFOV resulted, on average, in 16% and 10% higher
values for lesion SUVmax and SUV e, respectively, than LAFOV.
LAFQV scan duration can be reduced by a factor of 2 or 3 without
significant bias for SUVnax or SUVpeak and still result in a lower
liver COV (7.9% vs. 13.4%).

IMPLICATIONS FOR PATIENT CARE: LAFOV in 9zr
immuno-PET imaging allows a substantial reduction of scan
duration or activity administration while maintaining SUV accuracy
and precision.
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Conventional whole-body static '®F-FDG PET imaging provides a semi-
quantitative evaluation of overall glucose metabolism without insight
into the specific transport and metabolic steps. Here we demonstrate
the ability of total-body multiparametric 8F_FDG PET to quantitatively
evaluate glucose metabolism using macroparametric quantification
and assess specific glucose delivery and phosphorylation processes
using microparametric quantification for studying recovery from corona-
virus disease 2019 (COVID-19). Methods: The study included 13
healthy subjects and 12 recovering COVID-19 subjects within 8 wk of
confirmed diagnosis. Each subject had a 1-h dynamic 8F_FDG scan
on the uEXPLORER total-body PET/CT system. Semiquantitative SUV
and the SUV ratio relative to blood (SUVR) were calculated for different
organs to measure glucose utilization. Tracer kinetic modeling was
performed to quantify the microparametric blood-to-tissue '®F-FDG
delivery rate Ky and the phosphorylation rate k3, as well as the macro-
parametric '®F-FDG net influx rate (K;). Statistical tests were performed
to examine differences between healthy subjects and recovering
COVID-19 subjects. The effect of COVID-19 vaccination was also
investigated. Results: We detected no significant difference in lung
SUV but significantly higher lung SUVR and K; in COVID-19 recovery,
indicating improved sensitivity of kinetic quantification for detecting the
difference in glucose metabolism. A significant difference was also
observed in the lungs with the phosphorylation rate k3 but not with K,
which suggests that glucose phosphorylation, rather than glucose
delivery, drives the observed difference of glucose metabolism. Mean-
while, there was no or little difference in bone marrow '®F-FDG metabo-
lism measured with SUV, SUVR, and K; but a significantly higher bone
marrow Ky in the COVID-19 group, suggesting a difference in glucose
delivery. Vaccinated COVID-19 subjects had a lower lung K; and a
higher spleen K; than unvaccinated COVID-19 subjects. Conclusion:
Higher lung glucose metabolism and bone marrow glucose delivery
were observed with total-body multiparametric '®F-FDG PET in recov-
ering COVID-19 subjects than in healthy subjects, implying continued
inflammation during recovery. Vaccination demonstrated potential pro-
tection effects. Total-body multiparametric PET of '®F-FDG can provide
a more sensitive tool and more insights than conventional whole-body
static '®F-FDG imaging to evaluate metabolic changes in systemic dis-
eases such as COVID-19.
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PET with the radiotracer '8F-FDG is a noninvasive in vivo
molecular imaging technique that reflects glucose metabolism.
Conventional whole-body static '*F-FDG PET imaging can provide
an overall evaluation of glucose utilization throughout the body,
but it mixes the specific glucose transport and metabolic steps.
Identification and quantification of these specific processes sepa-
rately require a fast dynamic scanning protocol; however, it is lim-
ited to a single organ or a confined region by a PET scanner with a
short axial field of view. The advent of total-body PET/CT systems
such as uEXPLORER (United Imaging Healthcare) (/) and other
PET scanners with a long axial field of view (2,3) has brought new
opportunities for total-body dynamic PET imaging, with increased
detection sensitivity and simultaneous dynamic imaging of multiple
organs (4). Combined with tracer kinetic modeling (3), total-body
dynamic '8F-FDG PET enables a multiparametric quantification
method (6) that allows quantitative measurement of not only over-
all glucose utilization but also microparametric rates of glucose
delivery and phosphorylation (7) over the entire body.

Although mostly used in oncology, '®F-FDG PET has the poten-
tial to characterize inflammatory diseases such as vasculitis (8), hepa-
titis (9), osteomyelitis (/0), and the recent coronavirus disease 2019
(COVID-19) (11-14). COVID-19 primarily attacks the respiratory
system, leading to conditions varying from mild manifestations to
acute, high-mortality symptoms (/5). Meanwhile, it can affect multi-
ple organs associated with different body systems, including the ner-
vous (16), cardiovascular (/7), and immune systems (/8). In
addition, various prolonged effects of COVID-19 have been reported
(19-22). However, investigations of the whole-body consequences
and prolonged effects from COVID-19 are limited, partially because
of the lack of an approach for in-depth total-body evaluation.

For this article, we conducted a quantitative evaluation of glucose
utilization in multiple organs of healthy subjects and recovering
COVID-19 subjects using total-body multiparametric *F-FDG PET
imaging. We analyzed overall glucose metabolism and, more subtly,
the blood-to-tissue glucose delivery and glucose phosphorylation to
gain insight into the metabolic differences induced by COVID-19.

Wang et al. 1821
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FIGURE 1. (A) Total-body dynamic '®F-FDG PET images of a healthy subject and a recovering COVID-19 subject. Maximum-intensity projections are
shown. (B) Averaged time—activity curves (shown as SUV and SUVR) of 4 organs of interest (lung, pelvic bone marrow, spleen, and gray matter) of
13 healthy and 12 recovering COVID-19 subjects. Averaged values are shown as solid lines, and SDs are shown as bands.

MATERIALS AND METHODS

Study Participants and Data Acquisition

With Institutional Review Board approval and written informed
consent at University of California Davis Health, the study included a
cohort of 13 healthy subjects and 12 COVID-19 subjects. The healthy
subjects were scanned between May 2019 and January 2020. They
had no history of major disease (e.g., cancer or myocardium infarc-
tion) over the previous 5y and lacked ongoing acute inflammation.
The COVID-19 subjects had mild to moderate symptoms, as summa-
rized in Supplemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org), and none of them were hospitalized. Seven
COVID-19 subjects had 1-3 doses of COVID-19 vaccines before PET
imaging, and the other 5 were not vaccinated. Each subject had a total-
body 1-h '®F-FDG dynamic scan on the uEXPLORER PET/CT system
(23,24). The PET/CT scans for the COVID-19 subjects were performed
within 8 wk (37 £ 16 d) of confirmed diagnosis. All COVID-19 sub-
jects tested negative for COVID-19 11 =7 d before the PET scan
(inclusion and exclusion criteria are summarized in the supplemental
materials). The subjects were injected with 333 = 45 MBq of '*F-FDG
intravenously immediately after initiating list-mode data acquisition.

1822

A total-body ultra—low-dose CT scan with settings of 140 kVp and
5 mAs was performed before the PET scan for attenuation correction.
Dynamic PET data were reconstructed into 29 frames (6 X 10s, 2 X
30s,6 X 60s,5 X 120s,4 X 180s, and 6 X 300s) with a voxel size
of 4 X 4 X 4 mm? using the vendor-provided ordered-subset expecta-
tion maximization algorithm with 4 iterations and 20 subsets (23).

Total-Body Kinetic Modeling

Regions of interest (ROIs) were placed in various organs and tissues
(e.g., brain, liver, lungs, spleen, and bone marrow) throughout the entire
body on the dynamic images of each subject (details of ROI placement
are in Supplemental Table 2 and Supplemental Fig. 1). Time-activity
curves were then extracted from the organ ROIs. In addition, ROI
placement and time—activity curve extraction were done for the ascend-
ing aorta and right ventricle to acquire image-derived input functions.

A 2-tissue irreversible compartmental model, shown in Supplemen-
tal Figure 2, was used to model the dynamic '*F-FDG data with time
delay correction included (6). The measured tissue time—activity curve
Cr(t) was modeled as follows:

Cr(t) = (1=w)(Cr(t) + Cin (1)) + v Cyp (1), Eq. 1
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TABLE 1
Comparison of '8F-FDG Metabolic Metrics SUV, SUVR, and K; Between Healthy Subjects and Recovering COVID-19
Subjects in Multiple Organs and Tissues

Organ or tissue Metric Healthy group Recovering COVID-19 group Pr Py
Lung SuUvV 0.54 +0.16 0.64 +0.18 0.15 0.22
SUVR 0.230 + 0.055 0.293 += 0.060 0.012 0.018
K; 0.00038 * 0.00033 0.00084 =+ 0.00045 0.0075 0.011
Myocardium SuUvV 75*35 5.8+28 0.21 0.20
SUVR 3.4*16 28*+14 0.38 0.34
K; 0.055 = 0.033 0.043 = 0.025 0.31 0.37
Liver SuUV 2.64+0.44 2.56 +0.40 0.65 0.61
SUVR 1.208 + 0.060 1.218 £ 0.061 0.69 0.68
K; 0.00279 * 0.00094 0.00330 =+ 0.00086 0.17 0.17
Spleen SuUV 2.11+£0.35 2.15+0.36 0.74 0.93
SUVR 0.963 = 0.041 1.024 £ 0.097 0.048 0.053
K; 0.0037 +=0.0010 0.0049 +0.0018 0.055 0.087
Spine bone marrow SUV 2.06 = 0.38 2.21+0.59 0.43 0.57
SUVR 0.95+0.17 1.05+0.21 0.21 0.22
K; 0.0072 = 0.0015 0.0080 = 0.0023 0.35 0.50
Pelvic bone marrow SUV 1.42 +0.31 1.63 = 0.51 0.22 0.43
SUVR 0.65+0.13 0.77 =0.20 0.087 0.13
K; 0.0050 +0.0012 0.0059 +0.0019 0.19 0.24
Thigh muscle SuUV 0.57 =£0.16 0.58 £0.12 0.92 0.93
SUVR 0.262 = 0.056 0.279 = 0.065 0.50 0.72
K; 0.00168 = 0.00057 0.00179 = 0.00059 0.65 0.89
Gray matter SuUV 10.7x24 10.7+x1.9 0.99 0.76
SUVR 4.84 +0.54 5.07 = 0.60 0.33 0.31
K; 0.0476 = 0.0062 0.0487 = 0.0061 0.65 0.68
White matter SuUvV 45+1.6 3.9+1.0 0.28 0.22
SUVR 2.03+0.45 1.85+0.31 0.26 0.46
K; 0.0168 = 0.0051 0.0148 + 0.0046 0.33 0.50
Brain stem SuUvV 6.1+13 5.84 +0.82 0.55 0.68
SUVR 2.78+0.24 2.79 +0.34 0.90 0.85
K; 0.0247 = 0.0023 0.0241 +0.0033 0.62 0.46
Cerebellum SuUvV 7.3*+13 6.99 +0.77 0.49 0.50
SUVR 3.34 £0.28 3.35+0.27 0.93 0.89
K; 0.0300 * 0.0033 0.0300 + 0.0030 1.0 1.0

Pt = P value of t test; P, = P value of Mann-Whitney U test.

Groups are mean * SD, SUV is in g/mL, and K; is in mL/min/cm?.

where Cyy (), Cr(f), and Cy(#) represent the concentrations of
whole blood '8F-FDG, tissue free-state '®F-FDG, and tissue-
metabolized '®F-FDG-6P, respectively, and vy, is the fractional
blood volume. Details of the compartmental model are described
in the supplemental materials.

All kinetic parameters (K;, blood-to-tissue '8F-FDG delivery rate;
ky, tissue-to-blood delivery rate; and k3, I8F_FDG phosphorylation
rate, fractional blood volume v, and the time delay for input function
ty) were jointly estimated through a nonlinear least-square fitting
method (6) with a weighting factor that considers the time length of
each frame and nuclear decay (25).

ToraL-Boby Dynamic '®F-FDG PET or COVID -+

Macroparametric and Microparametric Quantification

The macroparameter K;, denoting the 8F_FDG net influx rate, is
commonly used to characterize overall glucose metabolism and is cal-
culated as follows:

Kk
K = 1k3

- . Eq. 2
otk 4

We also applied semiquantitative SUV (26) and the SUV ratio
relative to blood (SUVR) (27) using the last dynamic frame (55-60 min)
to evaluate overall glucose metabolism. As described in the supplemen-
tal materials, the right ventricle was used to extract the image-derived

Wang et al. 1823
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FIGURE 2. Comparison of '®F-FDG metabolism in lung (top) and spleen (bottom) between healthy and recovering COVID-19 groups using SUV, SUVR
(both from 55 to 60 min), and K;. P+ = P value of t test; Py = P value of Mann-Whitney U test.

input function for the lung SUVR calculation, and the ascending aorta
was used for the SUVR calculation of all other organs (28).

In addition to the measures of overall '®F-FDG metabolism by
SUV, SUVR, and Kj, we used the microparameters of the 2-tissue irre-
versible kinetic model, specifically K; and k3, to gain insight into the
individual molecular processes of glucose utilization. The ability of
this microparametric quantification is a feature that distinguishes com-
partmental modeling from whole-body static imaging or whole-body
dynamic imaging with a simplified graphical analysis method (e.g.,
the Patlak plot).

Statistical Analysis

Statistical analysis in this study was performed using an unpaired,
2-tailed ¢ test and the Mann—Whitney U test on SUV, SUVR, and param-
etric PET metrics to investigate metabolic differences in the recovering
COVID-19 subjects compared with the healthy subjects. In addition, the
tests were performed on lung CT ROI quantitation for complementary
information. Effect of vaccination was also investigated when appropriate
between the vaccinated and the unvaccinated COVID-19 groups (29,30).
All statistical data analyses were conducted using MATLAB (MathWorks).
P values of less than 0.05 were considered statistically significant.

TABLE 2
Comparison of Lung Microkinetic Parameters K1, k>, and k3 Between Healthy Subjects and Recovering COVID-19
Subjects, and Correlation Between Microparameters and Lung K; Using Pearson and Spearman Analyses

Comparison Correlation with K;
Pearson Spearman
Recovering
Kinetic parameter Healthy group COVID-19 group Pr Py r P p Ps
K (mL/min/cm?q) 0.018 = 0.022 0.017 =0.019 0.89 0.98 0.23 0.26 0.44 0.028
ko (min~") 0.32 +0.33 0.26 +0.25 0.61 0.81 0.17 0.42 0.36 0.075
ks (min~") 0.0079 + 0.0071 0.021 +0.023 0.049 0.011 0.56 0.0035 0.87 1.7e-08

Pt = P value of t test; Py = P value of Mann-Whitney U test; Ps = P value of Spearman rank correlation.

Groups are mean *= SD.
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P value of Spearman rank correlation; Pt = P value of t test; Py = P value of Mann-Whitney U test.

For organs that showed a trend of differences in glucose metabo-
lism between the healthy and the COVID-19 groups, Pearson correla-
tion analysis and Spearman rank correlation analysis between K; and
microparameters K1, k>, and k3 were also calculated to understand the
association among the delivery, phosphorylation, and overall metabo-
lism of '*F-FDG.

Parametric Imaging of COVID-19

In addition to the ROI-based analysis, voxelwise parametric images
were generated for the healthy subjects and the recovering COVID-19
subjects using the 2-tissue irreversible compartmental model (37,32).
Kernel smoothing was applied to both the dynamic images and the
parametric images for noise reduction (6). To focus the comparison of
parametric images on organs of interest, masking was used to visualize
individual organs or tissues (e.g., lung or bone marrow) within the
parametric images for intersubject comparisons.

RESULTS

Subject Characteristics

A summary of subject characteristics is provided in Supplemen-
tal Table 1. The healthy subjects consisted of 6 men and 7 women
of age 49 = 15y and weight 82 = 18 kg. The COVID-19 subjects
consisted of 3 men and 9 women of age 41 + 10y and weight

recovering COVID-19 subject are shown in
Figure 1A. Figure 1B shows 4 examples of
the time—activity curves in the form of SUV
and SUVR over time. The most notable find-
ing was the increased lung SUVR in the
recovering COVID-19 group compared with the healthy group,
whereas the bone marrow SUVR and spleen SUVR of recovering
COVID-19 group also tended to be higher.

Comparison of Overall Glucose Utilization in Multiple Organs

Table 1 summarizes the SUV, SUVR, and K of the healthy and
the recovering COVID-19 groups, along with group comparison
results for 11 organ ROIs. There was no significant difference in
lung SUV between the 2 groups (P > 0.1) (Fig. 2). However,
there was a statistically significant increase of approximately
120% in lung K; in the COVID-19 group (P ~ 0.01). SUVR
showed a difference (~25% increase) but to a lower degree.

The '8F-FDG metabolism of the spleen was higher in the
COVID-19 group, as shown in Table 1 and the box plots in Figure 2.
K; produced a larger group difference than SUV, whereas SUVR was
comparable to K;. The 'F-FDG metabolism of the pelvic bone
marrow also tended to increase (P ~ 0.1), as shown by the SUVR
measures in Table 1 and Supplemental Figure 3. We did not observe
a statistically significant difference with SUV, SUVR, and Kj in other
organs (e.g., brain and liver).

On the basis of the preceding analyses, the lung, bone marrow,
and spleen were selected for further study of microparametric
quantification.

TABLE 3
Comparison of Bone Marrow Microkinetic Parameters K, k2, and k3 Between Healthy Subjects and Recovering COVID-19
Subjects, and Correlation Between Microparameters and Bone Marrow K; Using Pearson and Spearman Analyses

Comparison Correlation with K;
Pearson Spearman
Bone marrow Kinetic Recovering
type parameter Healthy group COVID-19 group P+ Py r P p Ps
Spine K 0.221 £ 0.055 0.285 = 0.089 0.041 0.068 0.46 0.020 0.39 0.056
ko 0.76 £0.19 0.92 = 0.31 0.14 0.20 0.45 0.023 0.35 0.091
k3 0.0261 + 0.0061 0.027 =0.013 0.73 0.76 0.78 3.5e-06 0.82 2.2e-06
Pelvic K 0.122 +0.026 0.149 +0.037 0.042 0.047 0.66 0.00032 0.71 9.5e-05
k> 0.573 = 0.081 0.64 +£0.14 0.17 0.26 0.51 0.0090 0.51 0.011
k3 0.0246 + 0.0060 0.0262 + 0.0088 0.61 0.81 0.85 9.1e-08 0.77 1.3e-05

Pt = P value of t test; Py = P value of Mann-Whitney U test; Ps = P value of Spearman rank correlation.
Groups are mean =+ SD, K; is in mL/min/cm?, and k» and k5 are in min~".
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A Spine bone marrow K B Pelvic bone marrow K, group (Fig. SA)’ .whereas Ky an(.i ka did
not show a significant group difference
ki i e el ko (P > 0.3). k3 correlated the most strongly
05! T = with K; among the 3 microparameters
: 0.20 ' (Fig. 5B), indicating that the increased
0.4 E -+ E trend in spleen '|F-FDG metabolism
. I : (represented by SUVR and Kj) was domi-
0.3¢ B e é E nated by increased phosphorylation. Over-
b == - ' 3 all, the observed changes in the spleen
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0.1 e P— i ro— weaker statistical significance.

FIGURE 4. Comparison of K of spine bone marrow (A) and pelvic bone marrow (B) between the healthy
and the recovering COVID-19 groups. Py = P value of t test; Py = P value of Mann-Whitney U test.

Microparametric Quantification of the Lungs

Table 2 shows the analysis of microparametric quantification of
the lungs. The correlation between each microparameter and lung
K; is also included using all subject data. Neither K| nor k;
detected any group difference (P > 0.6). k3 was higher in the
COVID-19 group (P < 0.05), as further shown in Figure 3A. In
addition, k3 had the strongest correlation with K; (P < 0.01)
among the 3 microparameters (Fig. 3B), whereas the correlations
of K and k, with K; were weaker (P > 0.25). The findings sug-
gested that increased 'SF-FDG phosphorylation (as quantified
by k3) might be the main driving factor for the increased lung
"8F-FDG metabolism (assessed by K;) in COVID-19 recovery.

Microparametric Quantification of Bone Marrow

The microparametric quantification results for bone marrow are
summarized in Table 3. While bone marrow metabolism did not
show a statistically significant difference between the 2 groups as
measured with SUV, SUVR, or K (Table 1), bone marrow K| was
approximately 20% higher in the COVID-19 subjects with a statis-
tical difference (P < 0.05), as shown in Figure 4 and Table 3. In
comparison, no statistical significance was observed in k, or k3. In
contrast to the results in the lungs, the bone marrow micropara-
meters K, k, and k3 all had strong correlations with Kj, although
the correlation of K| with K; remained relatively weak (Table 3).

Microparametric Quantification of the Spleen
Table 4 shows the microparametric quantification results for
the spleen. k3 was approximately 45% higher in the COVID-19

Effect of Vaccination

Among the COVID-19 subjects, 5 sub-
jects were unvaccinated and 7 subjects were
vaccinated before their PET scans (Supple-
mental Table 1). There was no statistical difference in age, body
mass index, or blood sugar level between the unvaccinated and the
vaccinated COVID-19 subjects (P > 0.2). Lung K; was higher in
unvaccinated COVID-19 subjects than in healthy subjects (P <
0.001), as shown in Figure 6. Lung K; was reduced in vaccinated
COVID-19 subjects but still slightly higher than in the healthy group.
Spine bone marrow K; of both unvaccinated and vaccinated
COVID-19 subjects was higher than that of healthy subjects, but it
differed little between unvaccinated and vaccinated COVID-19 sub-
jects. Figure 6 also shows that the spleen K of the vaccinated sub-
jects tended to have a larger difference from the healthy subjects
than the spleen K; of the unvaccinated ones. No effect of vaccination
was noted in other organs of recovering COVID-19 subjects.

Parametric Imaging of Recovering COVID-19 Subjects

Figure 7 shows the parametric images of the lungs and bone
marrow from healthy subjects and COVID-19 subjects. The lung
images of SUVR, Kj, and k3 showed enhanced contrast between
the healthy and the recovering COVID-19 subjects compared with
SUV (Fig. 7A) through visual inspection, supporting the ROI-
based analyses. The demonstrated spatial heterogeneity across dif-
ferent lung lobes (Fig. 7A) is consistent with the lobe-based results
of lung SUV and K;, as reported in Supplemental Figure 4. In all 5
individual lung lobes, K; produced a larger statistical group differ-
ence than SUV.

The spine bone marrow (Fig. 7B) and pelvic bone marrow (Sup-
plemental Fig. SA) images of Kj and K showed increased contrast
between the 2 subjects compared with SUV. The SUVR and K;

TABLE 4
Comparison of Spleen Microkinetic Parameters K1, ko, and k3 Between Healthy Subjects and Recovering COVID-19
Subjects, and Correlation Between Microparameters and Spleen K; Using Pearson and Spearman Analyses

Comparison Correlation with K;
Pearson Spearman
Kinetic parameter Healthy group Recovering COVID-19 group Pr Py r P p Ps
K (mL/min/cm?q) 1.61 £0.75 1.31+0.88 0.37 0.40 —0.55 0.0044 —0.65 0.00052
ko (min~") 25+1.0 21+1.2 0.34 0.40 —0.43 0.034 —0.46 0.021
ks (min~") 0.0062 = 0.0024 0.0090 = 0.0041 0.047 0.097 0.98 9.6e-17 0.98 6.3e-07

Pt = P value of t test; Py = P value of Mann-Whitney U test; Ps = P value of Spearman rank correlation.

Groups are mean *= SD.
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involves subtle systemic changes, such as
longitudinal tracking of long COVID-19.
We detected increased metabolism using
K; in the lungs, whereas SUV or CT values
gave no group differentiation (Table 1;
Fig. 2), indicating the ability of lung K; to
detect a subtle difference that is undetectable
with SUV or CT. The inability of SUV to
distinguish the groups likely occurs because
of its semiquantitative nature and because it
is susceptible to confounding factors (26).
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FIGURE 5. Study of microparametric quantification in spleen. (A) Comparison of k3 between 2
groups. (B) Correlation between k3 and K; among subjects. Ps = P value of Spearman rank correla-

tion; P+ = P value of t test; Py = P value of Mann-Whitney U test.

images of the spleen also tended to have higher contrast than the
SUV images (Supplemental Fig. 5B). These observations are con-
sistent with the ROI-based findings.

DISCUSSION

In this pilot study, we evaluated the metabolic differences in
multiple organs between recovering COVID-19 subjects and
healthy subjects using total-body dynamic '®F-FDG PET com-
bined with kinetic modeling. This article focuses on establishing
the technical foundation for quantitative measurements of glucose
metabolism using total-body dynamic PET within the context of
COVID-19, which helps inform and guide future research that

The results suggest the power of kinetic
quantification for assessing glucose metabo-
lism. The increased lung metabolism in the
COVID-19 group may indicate continued
inflammation during the early stages of
recovery. Previous dynamic lung '8F-FDG PET studies have associ-
ated increased lung K; with pulmonary inflammation in multiple con-
ditions, such as acute lung injury (33) and chronic obstructive
pulmonary disease (34). Meanwhile, prolonged lung inflammation
caused by COVID-19 has been reported; it can last more than 60 d
after infection, even for asymptomatic patients and those with mild
cases (35,36). The detected difference in lung glucose metabolism
might potentially be related to the increased metabolism of immune
cells, such as neutrophils (33,37,38) and macrophages (39,40),
because of their accumulation and activation in the lungs.

Another advantage of compartmental modeling is microparametric
quantification. According to the analysis in the lungs, k3 is the
parameter that was responsible for the healthy versus COVID-19

Lung Ki
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FIGURE 6. Evaluation of unvaccinated and vaccinated COVID-19 subjects compared with healthy subjects using kinetic parameters of interest:
lung Kij, spine bone marrow K1, pelvic bone marrow K1, and spleen K;. P values were calculated using unpaired t test.
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FIGURE 7. Parametric images of example healthy subjects and COVID-19 subjects. (A) Lung CT, "®F-FDG SUV, SUVR, and parametric images of
K; and ks. Coronal slices are selected as middle of trachea carina. (B) Spine bone marrow images of '®F-FDG SUV, SUVR, and parametric image
K; and Ky. PET images are masked for bone marrow region and overlaid on CT images. HU = Hounsfield unit.

group difference in K; (Figs. 3 and 7A) and correlated best with K;
among different microparameters (Table 2). The result implies that
increased glucose phosphorylation, rather than glucose delivery, may
be the main driving factor for increased lung metabolism. These
findings are consistent with previous animal studies that observed k3
increases in lung inflammation and the association between K; and
ks (31-33,41).

1828

Bone marrow demonstrated a significant change of K; in the
recovering COVID-19 group compared with healthy subjects
(Figs. 4 and 7B), but no differences were observed with SUV,
SUVR, or K; that reflect overall '®F-FDG metabolism (Table 1).
This result indicates the substantial importance of microparametric
quantification. Bone marrow is essential for immunoregulation
and is the origin of immune cells (42). Animal studies have
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reported that bone marrow cells play an important role in the
repair of the injured lung during lung inflammation (43,44).
Hence, the increased '8F-FDG delivery represented by K| may be
associated with immune system response during COVID-19 recov-
ery. Given that '8F-FDG K, of liver was also demonstrated to
associate with hepatic inflammation in fatty liver disease (9,45),
the interplay between K; and inflammation reaction and the poten-
tial of K; as a biomarker of disease are worth more studies to
explore clinical applications.

The spleen tended to have higher glucose metabolism in the
COVID-19 group, as represented by K; or SUVR (Table 1). This
observation is consistent with the splenic '®F-FDG uptake increase
reported in previous studies of COVID-19 (/4) and other infec-
tious diseases (46). As an immune organ, the spleen plays an
important role in response to COVID-19 (47), and the immune
response may lead to increased metabolism.

Our study also separated the unvaccinated and vaccinated
COVID-19 groups to evaluate the potential effect of vaccination.
The results from the unvaccinated COVID-19 subjects alone (Fig. 6)
confirmed that COVID-19 is likely responsible for the observed dif-
ferences in the lungs and bone marrow between the recovering
COVID-19 group and the healthy group. Nonetheless, vaccination
showed a combined effect on top of the impact of COVID-19. The
lower lung K; in the vaccinated group may indicate reduced lung
inflammation because of a protecting effect of vaccination. The
higher spleen K; in the vaccinated subjects (Fig. 6) could also sug-
gest increased immune response because of vaccination. These
results are complicated by different vaccination conditions, such as
the type, dose, and vaccination date before the PET scan.

This work has several limitations. First, the pilot study cohort
is relatively small, especially in the comparison of unvaccinated
(5 subjects) versus vaccinated (7 subjects). Therefore, the results,
particularly concerning physiologic insights, should be interpreted
with caution and warrant confirmation with future hypothesis-
driven studies. With an increased sample size, it may be possible to
observe some group differences that were not statistically significant
in the current study. Second, the healthy and the COVID-19 groups
are not exactly matched in this pilot study. Although there is no sta-
tistical difference in age, weight, body mass index, or blood sugar
level between healthy subjects and recovering COVID-19 subjects,
the unpaired age and the time variability between the COVID-19
diagnosis and the PET/CT scan could introduce potential bias. The
percentage of women is higher in the COVID-19 group and further
separated the analyses according to sex. Example results for lung
SUV and K; are provided in Supplemental Figure 6 to indicate
that the major findings of this work remained valid, although the sta-
tistical difference of K; became lower, primarily because of the lim-
ited sample size. Third, the study lacks histopathology or clinical
laboratory data to elaborate on the reason for the differences in '$F-
FDG kinetics between the 2 groups, and the potential impact of
COVID-19 treatment on PET quantification was not analyzed
because of the inaccessibility of medical records. In addition, some
of the healthy cohort, although recruited between May 2019 and
January 2020, before the COVID-19 pandemic (the first confirmed
U.S. case was January 18, 2020), might have been exposed to
COVID-19. Fourth, the statistical analysis in this pilot study was not
corrected for possible familywise error rate, because the focus of
this work is on comparing parametric metrics with SUV. Confirma-
tion of the physiologic findings from this study will require a larger
sample size with an appropriate correction for multiple comparisons.

ToraL-Boby Dynamic '®F-FDG PET or COVID -+

Finally, the kinetic model for ROI-based analysis and parametric
imaging (31,32) used in this work followed a commonly used
2-tissue model for analyzing '|F-FDG data and considered time
delay and organ-specific input functions. More advanced and organ-
specific compartmental models could be investigated, for example,
the 3-tissue model (33) and the recent high-temporal resolution
model (48) for the lungs. We are investigating such models.

Our next steps are to use a similar methodology and more
advanced models to study the impact of long COVID-19 on indi-
vidual subjects. The interplay and correlation of tracer kinetics
among different organs will be of interest. In addition, the results
from this pilot work suggest future study designs should focus
more on immune-related metabolic changes, for example, by
tracking macrophage (49) or neutrophil (50) recruitment or moni-
toring serum inflammatory factors, to gain a deeper understanding
of the prolonged impact of COVID-19 on glucose metabolism.

CONCLUSION

With total-body multiparametric PET, increased lung '8F-FDG
metabolism (measured by K;) and increased bone marrow '¥F-
FDG delivery (measured by K;) were detected in recovering
COVID-19 subjects compared with healthy subjects. The changes
may be associated with continued inflammation and immune
response during the early stages of recovery from COVID-19.
Vaccination may have a protection effect. These findings are
missed or not possible to find if standard SUV measures are used.
Total-body multiparametric '3F-FDG PET can be a more sensitive
tool than conventional whole-body static '®F-FDG imaging for
detecting subtle changes and may be used to study postacute
sequelae of COVID-19.
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KEY POINTS

QUESTION: Compared with standard whole-body '®F-FDG PET
imaging, is there benefit from using total-body multiparametric
"8F_FDG PET to study COVID-19 recovery?

PERTINENT FINDINGS: Higher ®F-FDG net influx and
phosphorylation in the lungs and higher '8F-FDG blood-to-tissue
delivery in bone marrow were detected in recovering COVID-19
subjects than in healthy subjects, whereas no statistical difference
was detected using SUV.

IMPLICATIONS FOR PATIENT CARE: Total-body multiparametric
'8F_-FDG PET may offer a more sensitive tool than SUV for
quantitative assessment of multiorgan effects in COVID-19
recovery and may be used to study long COVID-19.
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Tissue perfusion can be affected by physiology or disease. With the
advent of total-body PET, quantitative measurement of perfusion
across the entire body is possible. [''Cl-butanol is a perfusion tracer
with a superior extraction fraction compared with ['°O]-water and
['®NJ-ammonia. To develop the methodology for total-body perfusion
imaging, a pilot study using [''C]-butanol on the UEXPLORER total-
body PET/CT scanner was conducted. Methods: Eight participants
(6 healthy volunteers and 2 patients with peripheral vascular disease
[PVD]) were injected with a bolus of [''C]-butanol and underwent
30-min dynamic acquisitions. Three healthy volunteers underwent
repeat studies at rest (baseline) to assess test-retest reproducibility;
1 volunteer underwent paired rest and cold pressor test (CPT) studies.
Changes in perfusion were measured in the paired rest-CPT study.
For PVD patients, local changes in perfusion were investigated and
correlated with patient medical history. Regional and parametric
kinetic analysis methods were developed using a 1-tissue compart-
ment model and leading-edge delay correction. Results: Estimated
baseline perfusion values ranged from 0.02 to 1.95mL-min”"-cm ™2
across organs. Test-retest analysis showed that repeat baseline per-
fusion measurements were highly correlated (slope, 0.99; Pearson
r = 0.96, P < 0.001). For the CPT subject, the largest regional
increases were in skeletal muscle (psoas, 142%) and the myocardium
(64%). One of the PVD patients showed increased collateral vessel
growth in the calf because of a peripheral stenosis. Comorbidities
including myocardial infarction, hypothyroidism, and renal failure were
correlated with variations in organ-specific perfusion. Conclusion:
This pilot study demonstrates the ability to obtain reproducible mea-
surements of total-body perfusion using [''C]-butanol. The methods
are sensitive to local perturbations in flow because of physiologic
stressors and disease.

Key Words: dynamic PET; kinetic modeling; perfusion and blood flow;
['C]-butanol; total-body PET
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Perfusion imaging using PET has been clinically used to assess
single-organ, flow-related diseases such as cerebral stroke and
myocardial ischemia (/,2). With the advent of total-body PET/CT,
blood flow to all tissues in the body can be measured simulta-
neously, along with the image-derived input function (IDIF). This
allows quantitative total-body perfusion measurements to be made
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with minimal invasiveness. Tissues of interest across the body
have a range of perfusion values. However, commonly used tra-
cers such as ['°O]-water, [*?Rb]-RbC], and ['*N]-ammonia under-
estimate perfusion as flow increases because of their flow- and
tissue-dependent extraction fraction (3—5). This is a challenge for
measuring high flow rates, which can occur either inherently in
some organs or in response to an external pressor, such as exer-
cise, injection of adenosine, or increased partial pressure of CO,
(2,3,6). Thus, accurate perfusion measurements require a highly
extracted tracer that can be used to quantify perfusion over the
range encountered in the human body in health and disease.

Butanol, labeled with ''C or 30, has been used as a perfusion
agent in both human (3,7) and preclinical (8,9) settings. It has the
key advantage of having an approximately 100% extraction fraction
in the brain for flows at least as high as 1.7 mL-min~'-g~! (4). Fur-
thermore, labeling with ''C reduces positron range blurring relative
to 1°0, 32Rb, and >N (10) and, with its longer half-life, gives
a wider time window to accommodate delays in administration.
However, the metabolism- and tissue-dependent permeability of
[1'C]-butanol presents challenges. [!'C]-butanol is metabolized in a
manner similar to ethanol (9). Metabolism mainly occurs in the
liver, where alcohol dehydrogenases break down ['!C]-butanol into
[''C]-butyric aldehyde and ['!'C]-butyric acid, the latter of which
can undergo B-oxidation to form [''C]-CO, (9). Because these
metabolites do not significantly affect the first-pass kinetics of
[1!C]-butanol (9), it is possible to perform first-pass perfusion imag-
ing of the entire body without the need for metabolite correction.

Because of the short acquisition time (AT), the improved sensi-
tivity and extended axial field of view of total-body PET (//) are
vital to multiorgan first-pass perfusion imaging with freely diffus-
ible and reversible tracers such as ['!C]-butanol and ['*O]-water.
In this work, we focused on developing a reliable methodology for
quantifying perfusion across the body using kinetic modeling and
demonstrating that these methods are sensitive to indications that
alter perfusion. Baseline studies were conducted to establish the
modeling approach and to determine quantitative perfusion values
in a range of tissues. Reproducibility was assessed through resting
test—retest studies. The sensitivity of the methods to changes in
perfusion was assessed in 1 subject through a rest—stress paradigm
generated via the cold pressor test (CPT) and by assessing regional
ischemia and visualization of comorbidities in patients with
peripheral vascular disease (PVD). These examples illustrate a
few of the possible applications for total-body perfusion imaging.
Although the short half-life of ['!C]-butanol may not be ideal for
clinical use, it is an attractive tracer for systems-level physiologic
research and studies of systemic chronic medical conditions such
as heart, kidney, or liver failure. These methods can also be
applied to studies with ['3O]-water.
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MATERIALS AND METHODS

[''C]-Butanol Synthesis

[''C]-butanol was synthesized using an uninterrupted process
beginning with radioactive ['!C]-CO,, n-propyl magnesium chloride
(Grignard solution) in ether, lithium aluminum hydride, and hydro-
chloric acid. The 20-min in situ process simultaneously purified [!'C]-
butanol, formulated the final product solution, and sterilized and
filtered the product solution into the vial after synthesis completion.
Typical yields were 5,000 MBq (200-1,200 MBg/mL) at the end of
synthesis, obtained from 60,000 MBq of ['!C]-CO,. Radiochemical
purity was in the range of 91%-97%.

Data Acquisition

With Institutional Review Board approval and written informed
consent, 6 healthy volunteers (1 man, 5 women; body mass index,
20.9-30.4 kg/m?; age, 2364 y) and 2 patients with PVD (body mass
index, 27.5 and 28.4 kg/m?; 66-y-old man and 69-y-old woman, respec-
tively) were imaged on the uEXPLORER PET/CT scanner (United
Imaging Healthcare). A low-dose, total-body CT scan (140 kVp and
50 mAs with automatic dose modulation) was acquired for attenuation
and scatter correction before bolus injection of [''C]-butanol (mean,
281 MBq; range, 191-349 MBq). List-mode acquisitions on the uEX-
PLORER scanner (/1) lasted about 30 min.

All 6 healthy volunteers received a baseline scan to measure resting
perfusion across the body. One baseline visit from each of the 6
healthy volunteers (baseline healthy volunteers [BHVs]) was used to
investigate total image-derived activity (TIDA) and optimize AT, as
well as to report baseline perfusion values. Three healthy volunteers
underwent a second baseline scan to assess test—retest reproducibility.
One healthy volunteer underwent a paired resting and CPT study to
measure effects of CPT. For subjects receiving 2 scans, visits occurred
within 2 wk (9.0 £ 3.4 d). PVD patients had a single resting scan.

For the CPT, foot therapy pads (Polar Products) were placed on
both feet before the CT acquisition. Starting after the CT scan but
about 60 s before the start of the PET acquisition, ice water was con-
tinuously pumped through the conformable boots for 5 min.

Image Reconstruction

Reconstruction software, provided by the vendor, was used to per-
form time-of-flight ordered-subset expectation maximization (20 sub-
sets and 4 iterations), with corrections for attenuation, scatter,
randoms, dead time, and decay (/2). No modeling of the point spread
function or smoothing after reconstruction was applied. Images were
reconstructed with 4.0 X 4.0 X 4.0 mm® voxels (matrix size, 150 X
150 X 486) and 57 frames (30 X 2, 12 X 5,6 X 10,4 X 30, and 5 X
300 s). The full 30-min dynamic reconstruction was used to measure
TIDA and thus assess tracer metabolism. Only the first 5 min were
used for kinetic modeling and perfusion estimation.

Region Delineation

Tissue time—activity curves were derived from 20 large or whole-
organ volumetric regions of interest (ROIs) using PMOD software
(PMOD Technologies), as listed in Supplemental Table 1 (supplemen-
tal materials are available at http://jnm.snmjournals.org). All bilateral
regions were drawn separately (e.g., left and right kidneys) and aver-
aged for kinetic modeling except for the deltoid, which demonstrated
high spillover from the vessels in the arm in which the bolus was
delivered; thus, only the contralateral deltoid was included. The CT
scan was used for initial ROI delineation. ROIs were modified to
account for the effects of subject motion in a tissue-dependent manner
(Supplemental Table 1) through 2 image visualization strategies: use
of a 0- to 5-min average PET image and avoidance of visible motion
or spillover effects in high-contrast frames.
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Volumetric ROIs were drawn in the descending aorta and the right
ventricle (RV) to measure the IDIFs. For ROI-based time-activity
curves, the descending aorta IDIF was used for all tissues except for the
lungs, where the RV IDIF was used, because the dominant lung blood
supply is via the pulmonary vein, not the bronchial artery (/3—/5). Para-
metric images were generated using the descending aorta IDIF for all
voxels except for lung voxels, where the RV IDIF was used instead
(supplemental materials, particularly Supplemental Fig. 1).

TIDA

Knapp et al. (9) found no metabolites in the blood during the first
pass of [''C]-butanol in a rabbit study. Because no blood sampling
was performed in this study, TIDA curves for ['!C]-butanol were mea-
sured to assess end metabolism of ['!C]-butanol (characterized by
expired ['!C]-CO, and loss of activity from the subject) during the
first few minutes of acquisition used for kinetic modeling. Total-body
PET can measure the total activity in the subject over time because the
whole body is within the field of view. TIDA for each PET image
frame m was defined as follows (/2):

TIDA(m) =V X Y Ai(m), Eq. 1
where V is the voxel volume (mL) and A4,(m) (MBg/mL) is the
decay-corrected activity concentration of voxel i in frame m. For
each study, TIDA(m) was normalized by injected dose. To account
for timing variation of the bolus delivery, delay correction was
performed on the TIDA curves using the leading-edge method
(16), with a 1% threshold of the RV time-activity curve.

Kinetic Modeling

Three models were used in this work: a O-tissue, 2-parameter model
(v and delay); a 1-tissue, 4-parameter (1T4P) model (v, K, k>, and
delay); and a 1-tissue, 6-parameter (1T6P) model (v,, K, k», delay, dis-
persion, and fraction contributed from a second blood input function)
(17). v (mL-cm™>) is the blood volume fraction, K| (mL-min~'-cm™3)
represents perfusion, and k, (min~ ") represents the washout rate con-
stant from the tissue back into systemic circulation. The partition coeffi-
cient p is K/k,. After implementing leading-edge delay correction (/6),
modeling was performed using nonlinear least-squares fitting (18).

On the basis of preliminary fitting results and comparison of the
Akaike information criterion for 1T4P and 1T6P models (with correc-
tion for small sample size), a 1T4P model was implemented for all
ROI-based tissue time—activity curves except for the liver time—activity
curve, for which the 1T6P model was used to account for the portal
vein blood supply (Supplemental Table 2). No correction for lung tis-
sue fraction was applied. Parameter identifiability and AT were investi-
gated using these fixed models for ROI-based time—activity curves.

For parametric imaging, all 3 compartment models were considered
for each voxel time—activity curve, where the O-tissue, 2-parameter
and 1T6P models were used to account for the blood pool and liver,
respectively. Model selection was performed at the voxel level using
the Akaike information criterion with correction for small sample size
(supplemental materials).

AT

Because the Akaike information criterion depends on the number of
image frames, we first compared the Akaike information criterion for
each tissue with a constant AT of 180 s. After determining the most
appropriate model based on an AT of 180 s, we explored how AT, or
the delay-corrected total time of the time-activity curve used for
kinetic modeling, affected the fitted parameters. Optimal AT was
guided by the stability of the mean K, v;, and p across ATs and the
magnitude of the SD, as well as their relation to previously published
literature values in Supplemental Table 3 (3,6,13,14,19-43). Time 0
was defined as the bolus arrival time in the ROI. ATs ranging from 60
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to 270 s in 30-s increments were studied across all baseline acquisi-
tions. For tissues that showed stability across ATs, 180 s was selected
as the default.

Parameter Estimation

Using the appropriate model and AT, kinetic parameter estimates
for ROI-based time—activity curves were obtained. Bilateral parameter
estimates in the lungs and kidneys, as well as parameter estimates in
most skeletal muscle regions (splenius capitis, psoas, thigh, and calf),
were averaged to give a single value for each tissue. An identifiability
analysis (44—47) for parameter identification also was performed (Sup-
plemental Table 4).

For voxelwise kinetic modeling, image data were smoothed (48).
An AT of 180 s was used with a leading-edge threshold of 7.5% to
correct for delay (/6) across all voxels. Further details are provided in
the supplemental materials, particularly Supplemental Figure 2 and
Supplemental Table 5.

Comparative Analysis

For the 3 BHV subjects with repeat scans, test-retest reproducibility
was assessed first using Pearson 7. A 1-sample Kolmogorov—Smirnov
test was used to assess normality. After determining normality, Bland—
Altman plots were generated with limits of agreement of 1.96 times the
SD. A significance level of 0.05 was used. Additional test-retest assess-
ments (the intraclass correlation coefficient and intrasubject coefficient
of variation) are included in the supplemental materials.

For the rest-CPT study, intrasubject regional parameter estimates
were compared. Assessments for the 2 PVD patients were made on
the basis of clinical history and comorbidities.

RESULTS

IDIFs and ROI-based time—activity curves showed consistency
in shape for a given tissue, whereas the magnitude varied across
subjects (Fig. 1A). The time—activity curves of the 2 PVD subjects
(Fig. 1A, red) were quite different in several tissues from those of
the healthy subjects and were different from each other, indicating
the heterogeneity of the perfusion patterns across disease states.

TIDA

As shown in Figure 1B, the normalized BHV TIDA curve
decreased slowly over the course of the 30-min acquisition (~10%
average drop overall), reflecting the expected loss of activity
through the exhalation of [!'C]-CO,. However, the curve remained
quite flat over the first 5 min of the study (Fig. 1B, inset), confirming
that metabolic losses of ''C in the form of ['!C]-CO, are negligible
for the ATs used for kinetic modeling and agreeing with previous
measurements in animal studies (9,49). A small positive bias
(<8%) was observed from 10 to 20s—a previously noted effect
that has been attributed to the injection of the bolus and small errors
in correction factors with rapidly changing tracer distribution (12).

Impact of AT on Parameter Estimates

Figure 2 shows the stability of BHV estimates of K, v, and p as
a function of the AT used for kinetic modeling for a subset of tis-
sues. For most tissues, parameters were stable across ATs or reached
stability by around 180-210 s after bolus arrival. A notable exception
was the kidney, where K, was inversely related to p across ATs.
Gray matter and skeletal muscle estimates of p were highly variable
at shorter ATs but showed stabilization at longer ATs.

Using data similar to those in Figure 2, optimal ATs for all tis-
sues were identified and fixed for each region for further analyses.
All subsequent fitting at the ROI level was performed with the
tissue-specific ATs listed in Table 1.

[''C]-BuranoL ToraL-Bopy PErFusioNn +  Lietal.
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FIGURE 1. (A) Representative [''C]-butanol time-activity curves (0-
150s) for subset of tissue types. (B) Normalized TIDA (mean = SD) for
BHV 30-min dynamic acquisitions. Desc. = descending.

Baseline Parameter Estimates in Healthy Volunteers

When the optimal AT was used (Table 1), all tissues except for
the liver were fit with the 1T4P model, whereas the liver was fit
with the 1T6P model (Supplemental Table 2). The leading-edge
method failed to provide reasonable delay estimates for the liver;
thus, delay correction in the liver was performed using joint estima-
tion. The BHV results (Table 1, bold; Fig. 3) demonstrate the range
of perfusion values (K;) found across organs and tissues. One
healthy subject showed abnormally low hepatic perfusion; after fur-
ther investigation of the CT image, fatty infiltration of the liver was
noted. Thus, the liver values for this subject were excluded from
Table 1 and Figure 3. Tissue-specific BHV parameter estimates
were compared with previously published literature values for indi-
vidual organs (mostly obtained using ['*O]-water) as listed in Sup-
plemental Table 3. Values were generally in good agreement,
although direct comparison is difficult because of differences in the
tracer used, modeling methodology, and imaging technology.

Test-Retest Assessments

Correlation analysis of the 3 test-retest subjects showed good agree-
ment of K; (Fig. 4A; slope, 0.99; » = 0.96, P < 0.001), v, (Fig. 4B;
slope, 0.90; » = 0.92, P < 0.001), and delay (slope, 0.95; » = 0.94,
P < 0.001) across all 16 tissue types, where the muscle regions were
averaged. The partition coefficient p was also in agreement between
visits (slope, 0.90; » = 091, P < 0.001). The Kolmogorov—Smirnov
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mL-min~"-cm ™ in the deltoid. Regionally,
the highest increase with CPT was in the
psoas (142%), followed by the thigh mus-

—&— Gray matter cles (137%), deltoid (111%), splenius capi-
T Kney el | tis (106%), and calf muscles (71%). An
—&— Myocardium increase in perfusion also was observed in

the myocardium (rest, 1.48 mL-min~ "
cm™3; CPT, 2.43 mL-min71~cm73). There
was also a small increase in gray matter K
(rest, 0.47 mL-min~ '-cm>; CPT, 0.56 mL-
min~'-cm ). Thyroid perfusion showed a

FIGURE 2.
activity curves across ATs of 60-270 s in 30-s increments.

tests of the data showed a lack of normality, whereas the log-
transformed data showed normality (Fig. 4). There were a range of
intrasubject coefficient of variation and intraclass correlation coeffi-
cient values of K; across organs (Supplemental Table 6).

Parametric Imaging

The dynamic ['!C]-butanol data were of sufficient quality to
produce low-noise parametric maps across the whole body. A rep-
resentative baseline study is shown in Figure 5.

Effects of CPT

Compared with the corresponding resting scan, large increases
in perfusion were observed after CPT in skeletal muscle, for which
average K, increased from 0.06 to 0.14mL-min~"-cm®. The over-
all range of K; after CPT was 0.07 mL-min~'-cm > in the calves
to 0.21 mL-min~'-cm™> in the deltoid. At rest, K, ranged from

Impact of AT on BHV parameter estimates (mean = SD) as assessed by fitting time—

large decrease (rest, 1.64mL-min~"-cm™>;

CPT, 0.92mL-min""-cm ). For the pan-

creas, spleen, and thyroid, v;, was lower for
the CPT study. Regional differences from BHVs are shown in Sup-
plemental Figure 3. There were also reductions in delay estimates
of 1-3 s with CPT except for in the lungs, which showed the same
delay estimate for both acquisitions.

These trends are visible in the parametric images (Fig. 06).
Figure 6A shows changes in parametric K; images of the brain
(increase in K, in gray matter and decrease in white matter).
Short-axis, horizontal long-axis, and vertical long-axis views of
the myocardium (Fig. 6B) and axial views of skeletal muscles in
the thighs (Fig. 6C) show increased K.

PVD Patients

Results for the 2 PVD patients are shown in Figure 7. Patient 1
had a chronic and symptomatic left popliteal arterial stenosis and a
prior myocardial infarction (Fig. 7A). Downstream of the popliteal
stenosis, parametric assessment revealed an area of increased

TABLE 1
Tissue-Specific BHV Parameters (n = 6)
Category Tissue AT (s) LE threshold (%) Delay (s) K Vp P
Brain Gray matter 180 1.75 4.50 (0.84) 0.60 (0.14) 0.034 (0.008) 0.80 (0.04)
White matter 180 2.00 4.67 (0.82) 0.27 (0.05) 0.016 (0.004) 0.65 (0.05)
Intestines Large intestine 180 2.00 5.50 (2.74) 0.11 (0.02) 0.009 (0.008) 0.40 (0.11)
Small intestine 180 2.00 7.00 (1.10) 0.35(0.06) 0.039 (0.012) 1.18 (0.36)
Kidneys 90 1.50 4.92 (0.80) 1.95(0.16) 0.185 (0.040) 0.91 (0.11)
Liver* 120 — 1.17 (1.33) 1.23 (0.36) 0.026 (0.054) 1.80 (0.43)
Lungs 60 2.50 3.50 (0.63) 1.72 (0.32) 0.089 (0.043) 0.16 (0.02)
Skeletal muscle’ 240 (33) 3.56 8.50 (1.85) 0.05(0.02) 0.003 (0.002) 1.71 (1.70)
Marrow and bone  Red marrow 180 2.00 2.17 (0.98) 0.18 (0.07) 0.009 (0.005) 0.67 (0.13)
Trabecular bone 180 1.00 2.17 (2.56) 0.02 (0.01) 0.000 (0.001) 0.17 (0.13)
Cortical bone 180 1.00 8.50 (3.94) 0.03 (0.01) 0.002 (0.002) 0.24 (0.12)
Myocardium 180 0.25 —3.17 (0.75) 1.34 (0.38) 0.232 (0.034) 0.88 (0.06)
Pancreas 120 3.00 5.00 (1.10) 1.26 (0.60) 0.096 (0.052) 0.93 (0.10)
Spleen 90 2.00 4.50 (0.55) 1.65(0.18) 0.086 (0.028) 1.04 (0.03)
Stomach 120 5.00 417 (2.79) 0.58 (0.15) 0.028 (0.020) 0.81 (0.32)
Thyroid 180 3.00 5.00 (2.10) 1.36 (0.34) 0.220 (0.151) 0.78 (0.22)
*n = 5 (see text).
TReported values are averaged.
LE = leading edge.
Data are mean followed by SD in parentheses. Units for K; are mL-min~'-cm ™2,
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perfusion, with a 70% increase in K; rela-
tive to the right calf (0.074 vs. 0.044 mL-
min~'-cm ). Average skeletal muscle K,
(0.11mL-min~"-cm %) was 146% higher
than in BHV studies. Figure 7A includes
myocardial short-axis, horizontal long-axis,
and vertical long-axis parametric images.
Whole myocardial perfusion for this PVD
patient was 29% lower than BHV results
(0.96 vs. 1.34mL-min" "-cm ™).

The influence of known comorbidities—
including renal failure, hypothyroidism, and
right ventricular dilation—of PVD patient 2
were reflected in the parametric K, image
(Fig. 7B) and the large regional differences
compared with those of BHVs (Supplemen-

Thyroid 1 tal Fig. 4). In the kidney and thyroid,
respectively, there were 85% and 71%
reductions in K; compared with BHV stud-
FIGURE 3. BHV ROI-based kinetic parameter estimates (mean = SD). AT was fixed for individual ~ ies (0.30 vs. 1.95 and 0.39 vs. 1.36 mL-
tissues (Table 1). min~'-cm?). Patient 2 also had evidence
of pulmonary hypertension in prior imag-
ing studies (World Health Organization
grade 2) and exhibited low lung K;—with

0 0.2 0.4

A K, (mL-min--cm) log(K;) a dilated RV—compared with those of
3.00 7 pa g T T BHVs (94% drop; Supplemental Fig. 4).
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model implemented in this work may not
be sufficient to estimate lung perfusion and
blood volume, because even with 2-s
frames, lung v, was underestimated relative
to previously published values (Supple-
mental Table 3). Further investigation with
a more complex model is likely necessary,
as recently shown for ['8F]-FDG (15).
With CPT, a heterogeneous response
across organs was observed as expected;
previous studies have shown that flow
increases in the myocardium (57), certain
regions of the cerebral cortex (52), liver
(53), and spleen (54), whereas blood flow
decreases in the kidneys (55). To our
knowledge, this is the first work to investi-
gate changes in skeletal muscle blood flow
with PET and CPT, especially across the

Delay (s}

FIGURE 5. Example parametric images of 2 coronal slices (baseline). Grayscale bars have been

manually adjusted to allow visualization across full range of values.

across all tissue types and blood flow ranges encountered in the
body.

Baseline test-retest reproducibility in 3 healthy volunteers indi-
cated that estimates of perfusion, v,, and delay are all highly repro-
ducible (Pearson » > 0.9, P < 0.001) between visits. The K;
intrasubject coefficient of variation and intraclass correlation coeffi-
cient exhibited no clear pattern, although the kidney and spleen
showed a particularly low intraclass correlation coefficient (<0)
despite a high K. These highly perfused tissues may experience vari-
able K; because of normal changes in function throughout the day
(50) or stress-related effects linked to the imaging procedure. Esti-
mates of p for the lung demonstrate that the RV IDIF and 1T4P

entire body. CPT led to widespread
changes in perfusion relative to rest (Fig.
6) and average BHV (Supplemental Fig.
3). Furthermore, delay estimates were
shorter with CPT, indicative of an increased heart rate because of
sympathetic nervous system stimulation. Although conclusions can-
not be drawn from a single subject, the changes with CPT noted ear-
lier are greater than the baseline test-retest range (Fig. 4). This
demonstrates the sensitivity of total-body perfusion imaging with
[''C]-butanol in identifying multiorgan alterations in perfusion.
Similarly, larger changes in perfusion were observed in the PVD
patients than in BHVs (Supplemental Fig. 4). PVD is a heteroge-
neous condition, typically affecting multiple organs and accompa-
nied by other comorbidities. Both patients exhibited perfusion
patterns that are consistent with their clinical symptoms and histo-
ries. These results highlight the potential utility of total-body perfu-
sion 1imaging in assessing perfusion
patterns across the entire body in systemic
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cardiovascular disease and support care-
fully designed imaging trials that can take
advantage of this methodology.

This study has several limitations. First,
full testing and validation of TIDA as a
surrogate for assessment of metabolism of
[''C]-butanol in humans is necessary through
measurement of circulating metabolites,
including [''C]-CO, and ['!C]-bicarbonate.
Second, [''C]-butanol has not been exten-
sively used outside research applications in
the brain and myocardium. Direct compari-
son with [*O]-water (for which our methods
would also be applicable) would be helpful
in other tissues to assess the effects of tissue-
dependent permeability and the extent to
which tissues known to metabolize alcohols
(e.g., liver) or alcohol metabolites (e.g., mus-
cle) need to be considered when using first-
pass kinetic data to estimate perfusion. Third,

0.15

K, (mL-min-cm'®)
0.00

-0.05

Rest

FIGURE 6.

increased K in specific muscle groups.
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Intrasubject comparison between rest and stress (CPT) parametric images of Kj.
Increases in gray matter (A), myocardial (B), and skeletal muscle (C) perfusion were observed with
CPT, relative to rest. (B) Short-axis (SA), horizontal long-axis (HLA), and vertical long-axis (VLA) views
show increased myocardial perfusion with CPT. (C) Similarly, axial cross section of thigh shows

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 64 + No. 11

the small positive TIDA bias present in early
frames of the acquisition may affect the IDIF
(and thereby introduce a small negative bias
in K;); thus, additional studies investigating
this bias are warranted. However, given the
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established that these methods were sensi-
tive to changes in perfusion because of
physiologic challenge and disease. This
study sets the foundation for using total-
body perfusion imaging with ['!C]-butanol
in a range of physiologic research and in
studying systemic cardiovascular disease.

PVD patient 2
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FIGURE 7.

small magnitude and short duration of this bias, effects are not
expected to be large, and similar effects are likely present in any
dynamic PET acquisition with short image frames.

Fourth, because of the limited number of enrolled subjects, known
heterogeneity of response to CPT challenges, and heterogeneous pre-
sentation of PVD, broader interpretations of perfusion differences or
their significance are not possible. Fifth, although subjects abstained
from caffeine 2 h before imaging, other factors may affect perfusion
estimates—such as recent exercise, time of day, and stress imposed
by the procedure—and thus may contribute to differences between
scans. It is therefore likely that close attention to these factors could
further improve test-retest reproducibility and reliability. Strategies
to allow a pair of studies (baseline—intervention) to be performed in
close succession (within 1 h) are being investigated.

Nonetheless, this work sets forth the methodology for dynamic
total-body [''C]-butanol imaging to quantify tissue perfusion. By
providing measurements of baseline values in healthy volunteers,
assessing test-retest reproducibility and reliability, and demon-
strating changes in perfusion under a challenge (CPT) or with dis-
ease (PVD), this study lays the groundwork for application of
total-body PET perfusion imaging in a range of physiologic
research and in systemic cardiovascular diseases.

CONCLUSION

In this pilot study, we conducted total-body studies using ['!C]-
butanol and developed analysis and kinetic modeling methodology
for ROI-based measurement and parametric imaging of perfusion
in all organs simultaneously. Reproducible measurements were
obtained from tissues throughout the body. In addition, this work

[''C]-BuranoL ToraL-Bopy PErFusioNn +  Lietal.
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KEY POINTS

QUESTION: Can [''C]-butanol be used for the assessment of
perfusion with total-body PET?

PERTINENT FINDINGS: Baseline perfusion measurements were
reproducible, and these methods were sensitive to variations in
perfusion because of physiologic perturbation and disease.

IMPLICATIONS FOR PATIENT CARE: Local changes and
heterogeneity of flow across organs may be indications of
disease. This study demonstrated that [''C]-butanol can be used
for quantitative assessment of perfusion through total-body PET,
with potential application for systemic cardiovascular disease.
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ILLUSTRATED POST

Obstructive Sialadenitis from Oral Squamous Cell Carcinoma:
[®®*Ga]Ga-FAPI-46 PET—Positive and ['°FJFDG PET—Negative

Peter George Malihal, Abie H. Mendelsohn?, Johannes Czernin', Taylor Howard?, Jeremie Calais*l, and

Masatoshi Hotta*!

! Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, UCLA, Los Angeles,
California; *Department of Head and Neck Surgery, UCLA, Los Angeles, California; and *Department of Pathology, UCLA,

Los Angeles, California

A 67-y-old nonsmoker woman with no
prior history of head or neck surgery or
radiation therapy presented with a growing
ulcerative right floor-of-mouth mass with
increasing tenderness, otalgia, and minimal
intermittent bleeding. The floor-of-mouth
mass biopsy was consistent with squamous
cell carcinoma, and the patient underwent
a preoperative *®Ga-fibroblast activation pro-
tein inhibitor ([**Ga]Ga-FAPI)-46 PET/CT
study (injected activity, 151.7 MBq [4.1 mCi])
under the prospective study NCT04147494.
The preoperative ['*FIFDG PET/CT study
(injected activity, 407MBq [11.0mCi]) re-
vealed intense uptake (SUV .y, 12.8) in the
anterior paramedian right primary tumor and
mild uptake (SUV ., 1.6-3.4) in several
subcentimeter bilateral neck nodes (stage
T2N2cMO). The subsequent [**Ga]Ga-FAPI-
46 PET/CT study revealed intense uptake
(SUV pax, 12.6) in the primary lesion and
moderate uptake (SUV .y, 5.4) in 1 right neck
node (also ['8F]FDG-avid; SUV nax, 2.4).
Interestingly, there was markedly in-
creased [**Ga]Ga-FAPI-46 uptake (SUV
8.1) in the right submandibular gland (SMG)
and mildly increased uptake in the left
SMG (SUV ax, 4.0), with no associated
abnormal ['®F]FDG uptake. The patient
did not report salivary gland tenderness or
xerostomia. The oral squamous cell carci-
noma was located along the course of both
Wharton ducts, more pronounced on the
right side. The increased [®*Ga]Ga-FAPI-
46 uptake in the SMGs reflected changes

FIGURE 1. (A-F) Axial fused (A and D), axial CT (B and E), and maximum-intensity-projection
(C and F) [*®Ga]Ga-FAPI-46 PET/CT (A-C) and ['®F]FDG PET/CT (D-F) images demonstrating
increased [°®Ga]Ga-FAPI-46 uptake in both SMGs, right more than left, and normal ['®F]FDG uptake
in both SMGs (yellow arrows). Primary SCC was intensely avid for [?®Ga]Ga-FAPI-46 and ['®FIFDG
(red arrows). (G and H) Hematoxylin and eosin staining of right (G) and left (H) SMGs revealing lym-
phoplasmocytic infiltration bilaterally (blue arrows) and fibrosis in right SMG (white arrows). (I and J)
Immunohistochemistry of SMGs revealing strong fibroblast activation protein expression in right
gland () and overall weak expression in left gland (J).

Received Jan. 24, 2023; revision accepted Mar. 30, 2023. caused by obstructive sialadenitis, confirmed on histopathology after
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resection of the oral squamous cell carcinoma and bilateral neck
dissections, including total right and partial left SMG resections

Guest Editor: David A. Mankoff, University of Pennsylvania (Fig. 1). Immunohistochemistry of the SMGs revealed strong
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all weak expression in the left gland.
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Histologically, chronic obstructive sialadenitis is characterized
by acinar atrophy, lymphocytic infiltrates, and fibrosis (/). In this
case, inflammatory cells were observed in both SMGs. Fibrotic
cells were also observed bilaterally but predominantly in the right
SMG. The [*®Ga]Ga-FAPI-46—positive/['®F]FDG-negative pattern
observed in the SMGs may be explained by an active fibrotic pro-
cess with fibroblast activation protein expression (2) rather than an
active inflammatory process. Chronic sialadenitis appears to be an
additional oncologic imaging pitfall on [*®Ga]Ga-FAPI-46-target-
ing radiopharmaceutical PET, potentially mimicking metastases.
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LETTERS TO THE EDITOR

HER2-Low Breast Cancer Can Be Visualized by
HER2 PET

TO THE EDITOR: We would like to comment on the letter from
Seban et al. to the editor of The Journal of Nuclear Medicine in the
July issue (7).

The results from the DESTINY-Breast04 trial, receiving a stand-
ing ovation during the presidential symposium at the annual confer-
ence of the American Society of Clinical Oncology in June 2022,
have had a practice-changing impact on oncologists’ views on the
role of human epidermal growth factor receptor 2 (HER2) as a
therapy-predictive biomarker. Not only have promising treatment
results with trastuzumab deruxtecan (Enhertu; Daiichi Sankyo Com-
pany, Limited) been found for HER2-low breast cancer, but even
patients with HER2-low gastroesophageal cancer and uterine carci-
nosarcoma have been demonstrated to derive a clinical benefit from
treatment with this drug (2,3).

Several challenges exist in identifying patients with HER2-low
metastatic breast cancer who benefit from treatment with a HER2
antibody—drug conjugate, related to both pathologic reporting (4,5)
and a deepened understanding of disease heterogeneity (6). This
has profound implications, as selection for trastuzumab deruxtecan
(or, in the future, other HER2 antibody—drug conjugates) is based
on the results from tumor biopsies from single metastatic lesions.
Performing repeated biopsies, especially from sanctuary sites such
as the lungs or central nervous system, is burdensome for patients
and not always technically and logistically feasible.

We fully agree with the authors that HER2 PET imaging holds great
promise for the molecular characterization, treatment planning, and
biologic understanding of HER2-low breast cancer. Therefore, we ini-
tiated a pilot study to investigate the potential of PET/CT imaging with
the Affibody (Affibody AB)-based tracer [**Ga]Ga-ABY-025 in
patients with HER2-low metastatic breast cancer. This proof-of-
concept investigator-initiated trial is part of the larger basket trial
“Phase II Study of [*®Ga]Ga-ABY-025 PET for Noninvasive Quanti-
fication of HER2-Status in Solid Tumors,” which is registered at
Clinicaltrials.gov with number NCT05619016 and has been approved
by the Swedish Medical Product Agency and Ethical Review
Authority.

Ten patients with previously biopsy-confirmed HER2-low meta-
static breast cancer were included in this pilot study, and all under-
went HER2 PET with [®®Ga]Ga-ABY-025 followed by a tumor
biopsy, with the biopsy site being guided by the results from the
PET images. The results of our study are currently being analyzed,
and independent reviews of both the PET images and the study
biopsy samples by nuclear medicine physicians and pathologists,
respectively, are ongoing. Preliminary conclusions reveal that the
technique is feasible, with [**Ga]Ga-ABY-025-avid lesions in all
patients with HER2-low metastatic breast cancer, and without any
new safety concerns. Interesting signals relating to disease heteroge-
neity have been noted, as well as hypothesis-generating findings that
will provide the basis for a prospective phase II clinical trial that our
group is currently planning.

COPYRIGHT © 2023 by the Society of Nuclear Medicine and Molecular Imaging.

In conclusion, HER2-low breast cancer is, as Seban et al. stated, a
clinically relevant entity for which molecular imaging with HER2
PET potentially provides a precision medicine tool that enables a
minimally invasive, real-time, whole-body assessment of the pres-
ence of the target of treatment. Expansion of molecular imaging trials
to other tumor types with HER2-low status (e.g., gastroesophageal
and uterine carcinosarcoma), as well as with tracers representing
other disease characteristics that are used for treatment selection
(i.e., programmed death ligand 1), holds great promise for further
clinical implementation of molecular imaging strategies.
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REPLY: I extend my gratitude to Altena et al. for their insightful
response to our letter to the editor (/) regarding human epidermal
growth factor receptor 2 (HER2)-targeted PET imaging in breast
cancer patients. It is with great enthusiasm that I acknowledge the
pivotal role their work holds in propelling the field of nuclear med-
icine forward.

The pursuit of HER2-targeted therapies will probably transform the
landscape of oncology, analogous to the paradigm shift brought about
by HER2-targeted antibody—drug conjugates in HER2-positive and
HER2-low metastatic breast cancer (with trastuzumab-deruxtecan as
the best example right now) (2). Similarly, the introduction of HER2-
targeted PET imaging could mark a vital turning point for the nuclear
medicine community (3,4). This approach not only holds promise for
metastatic breast cancer but also extends its implications to broader hori-
zons, encompassing conditions such as gastroesophageal cancer and
uterine carcinosarcoma (5,6).

Undoubtedly, their ongoing clinical trial entitled “[**Ga]Ga-ABY-
025 PET for Quantification of HER2-Status in Solid Tumors”
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(ClinicalTrials.gov identifier NCT05619016) aligns perfectly with the
pressing concerns of our time, bearing in mind developments with
HER2-low as a novel category of breast cancer. These data will
shed light on the potential of HER2-targeted PET imaging in address-
ing diagnostic and therapeutic challenges across a spectrum of solid
tumors. The authors’ endeavors naturally resonate with the evolving
therapeutic landscape, validating the need for precise and individual-
ized treatment strategies.

In conclusion, I commend the authors for their pioneering work in
the realm of HER2-targeted PET imaging. Their dedication holds the
promise of reshaping how we approach diagnosis and treatment
using PET imaging for breast cancer and beyond. It is my sincere
hope that their research will serve as a cornerstone for innovation
and collaboration in the field of nuclear medicine in oncology.
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