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DISCUSSIONS WITH LEADERS

Advancing Neuroimaging

Julie Price Talks with Henryk Barthel About Enhanced Understanding of the Brain

and Neurodegeneration

Julie C. Price' and Henryk Barthel®

! Harvard Medical School, Massachusetts General Hospital A.A. Martinos Center for Biomedical Imaging, Boston, Massachusetts; and

°Leipzig University Medical Center, Leipzig, Germany

Henryk Barthel, MD, PhD, a professor in the Klinik und
Poliklinik fiir Nuklearmedizin at the University of Leipzig (Ger-
many), talked with Julie C. Price, PhD, a professor of radiology at
the Harvard Medical School and director of PET Pharmacokinetic
Modeling in the Athinoula A. Martinos Center for Biomedical
Imaging at the Massachusetts General Hospital (MGH; Boston).
She is also faculty codirector for research at the MGH Center for
Diversity and Inclusion (CDI). She specializes in PET imaging
methodology with a focus on kinetic modeling of ligand—protein
binding interactions in studies of aging, neuropsychiatric disor-
ders, and neurodegeneration.

Dr. Price received her PhD from Johns Hopkins University in
the Radiation Health Sciences Program led by Henry N. Wagner,
MD. She completed postdoctoral training in quantitative PET in
the National Institutes of Health (NIH) PET/Nuclear Medicine
Department. From 1994 to 2016, she was a faculty member in
radiology at the University of Pittsburgh, where she led PET meth-
odology and worked with the group that established amyloid PET
using Pittsburgh Compound-B (PiB). At MGH, she continues mul-
tidisciplinary PET research, with a primary focus on methods to
improve early detection and longitudinal assessments of tau pro-
tein deposition with Harvard Aging Brain Study colleagues. She is
a fellow of the Society of Nuclear Medicine and Molecular Imag-
ing and the American Institute for Medical and Biologic Engineer-
ing. She has served as chair of the NIH Clinical Neuroscience and
Neurodegeneration Study section and on the advisory council to
the director of the NIH Center for Scientific Review.

Dr. Barthel: Julie, thanks so much for this interview. From
your CV I learned that in 2016 you moved to Boston to the Marti-
nos Center. Can you elaborate on your role there?

Dr. Price: I lead a PET methodology and data analysis group
and am a research principal investigator. We’re very collaborative
and support various neuroimaging efforts. Much of my effort is also
spent supporting research development for early-career researchers
and helping to support the development of NIH-funded research
applications in various areas, such as pain, addiction, and neurode-
generation, often involving PET/MR imaging. I've also helped
to develop 2 NIH training grants at the Martinos Center. One is
an AD-oriented T32 postdoctoral training program that aims to
build a more diverse AD workforce across a range of clinical and
technical research areas, in response to a targeted NIH funding
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announcement. Another NIH training
grant with Bruce Fischl, PhD, is a sum-
mer internship program in neuroimaging
that targets talented high school students
from low income and ethnic or racial
minority groups who are interested in
STEM fields.

Dr. Barthel: Wonderful to hear that
training is part of the focus of your
Martinos activities. This is so important
and much appreciated. What makes the
Martinos Center such a special place
to work?

Dr. Price: It’s special because of the good people, impressive
imaging resources, rich history of innovative imaging develop-
ments and applications, and international diversity. The center has
about 120 faculty, 100 fellows, 8 tomograph bays for human
research (3-T, 7-T, PET/MR), and many other resources (e.g.,
small-bore MR and PET/MR, hyperpolarizer, and spectroscopy
systems). People are encouraged to work independently but collab-
oratively. You can walk down the hallway and have interesting
conversations with 2 or 3 people who might help to solve a prob-
lem or stimulate a new idea. The trainees and even research assis-
tants or coordinators who come in for a couple of years before
going to medical or graduate school are very interested in research.
This makes it a dynamic environment for mentoring. I give a lot
of credit to Bruce Rosen, MD, PhD, the director of the Martinos
Center, who works with faculty to promote excellence and provide
a supportive environment during challenging academic times. He
is a great mentor and colleague.

Dr. Barthel: Harvard is also the home of the famous Harvard
Aging Brain Study. In which way are you involved in this?

Dr. Price: Among other tasks, I am involved in the PET meth-
odology and support decision making related to PET methodology.
This is a remarkable study. The findings have contributed to the
framework of understanding of early AD. From its beginning as a
program project in 2010, it had a specific focus on older individuals
who were not clinically impaired. This study has really helped set
the stage for therapeutic trial enrollments, contributing to a better
understanding of AD and in vivo mapping of neuropathology dur-
ing this preclinical phase. This was done by imaging amyloid bur-
den and, when tau PET tracers became available, tau burden. At
that time, it also became possible to investigate the in vivo synergy
between amyloid and tau during the disease course. It became evi-
dent that the time point when neuropathologic tau deposition kicks

Julie C. Price, PhD
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in is not clearly driven by a single level of amyloid load and that
further understanding of this complex process might be crucial.
Keith Johnson, MD, and Reisa Sperling, MD, are doing a great job
as principal investigators leading this effort and stimulating new
investigations, such as those studying resilience and resistance to
AD pathology.

Dr. Barthel: These results are now moving into the clinical
arena as drugs are developed that can potentially be applied at
exactly the time point when the tau kicks in. It’s fantastic to see
how research translates into clinical use.

Before you moved to Boston, you worked at the University of
Pittsburgh, famous as the place where amyloid imaging was
invented. The first human amyloid PET data were published by the
Pitt group together with the Uppsala (Sweden) group in 2004.
These are exciting times for amyloid imaging because now, nearly
20years later, we have a chance to see amyloid imaging truly
entering the clinical arena and making a difference to our
patients. How were you involved in the development and testing of
PiB, the first successful amyloid tracer?

Dr. Price: I was more involved with PiB in an operational and
validation sense, particularly when they were moving to human
imaging. I was less involved in the preclinical studies that Chester
A. Mathis, PhD, William E. Klunk, MD, PhD, and others were
performing. When they started to translate research into humans,
then I became very involved. I remember when Chet and Bill
asked me to go to Uppsala with them to review the initial human
data; we were really excited. It was a great opportunity for me.

extended internationally. It helped to standardize methods for AD
biomarkers testing by standardizing protocols. Altogether, the
great success of this data-sharing project stimulated other public—
private partnerships. It has had a profound additional effect on the
field by laying the groundwork for therapeutic trial considerations.

Dr. Barthel: I agree. ADNI is a role model of a data-sharing
platform that can serve as a paradigm for other imaging fields.
Another question: I have observed over the years that for many
brain PET tracers, static imaging is chosen over dynamic imag-
ing, mainly to save time. By doing so, we lose the capability
for absolute quantification. This is true even for the use of brain
PET to test drug effects over time. Why do you think that we are
struggling to use dynamic imaging and kinetic modeling more
often?

Dr. Price: There is a conception (in some cases correct) that
dynamic imaging is too expensive, too labor-intensive, and associ-
ated with significant patient burden. However, dynamic imaging
can be uniquely beneficial. Kinetic modeling of dynamic scan data
acquired over a 60-min period or even a split acquisition of early-
and late-postinjection imaging (such as the Amsterdam coffee-
break approach) is feasible and can provide more quantitative
outcome measures. As we move earlier and earlier in the disease
process, which is likely in some future drug testing trials, as
dynamic imaging is more and more feasible in terms of participant
burden. But what is really important is the notion of the tissue
uptake ratio. In the case of amyloid PET imaging, for example,
the amount of amyloid load can affect the degree to which the

... it would be beneficial to have a new generation of brain PET scanners that are both improved and more
affordable. This would allow greater public access to advanced brain imaging technology across various settings.
Both expense and expertise are required to achieve this—that’s why it is so important to mentor new generations of
dedicated scientists who can improve technology translation.”

The proof-of-concept human imaging study performed in Uppsala
provided critical evidence that cortical PiB SUV measures were
about 2-fold greater in AD patients than in control subjects. The
next step was to apply for NIH funding, which provided the
opportunity to perform a quantitative in vivo evaluation and analy-
sis of human PiB PET data, including subjects with mild cognitive
impairment, incorporating structural MRI data and full kinetic
modeling. We also compared PiB retention against '8F-FDG
metabolism and '*O-water blood flow measures. We also per-
formed PiB PET test/retest studies.

Dr. Barthel: This was groundbreaking work. It quickly became
apparent that kinetic modeling can be done in amyloid imaging
quite easily without arterial sampling. This brings me to another
topic. 1 would also like to talk a bit about the AD Neuroimaging
Initiative (ADNI). For our readers, the ADNI provides a very
large database of imaging and nonimaging data in subjects at dif-
ferent AD stages and in controls, which can be used for various
research purposes. How important do you consider the ADNI for
our research?

Dr. Price: The ADNI is immensely important to our research
field. It began in 2004, and its data have been used to generate
thousands of publications, about 1,400 just from 2021 and 2022.
The ADNI has had a significant impact. It was one of the largest
NIH public—private partnership studies in our field. It changed
the landscape for those in the United States who were focused
on federal funding for AD research. This framework has been
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tissue ratio is biased and the appropriate time interval for making
the assessment. Dynamic studies are needed to carefully map these
issues and to understand what is lost or gained by late scan ratio
simplification, because bias will arise in ratio uptake measures
(relative to quantitative measures) as a result of radioligand clear-
ance effects (lack of equilibrium). Our field often accepts this bias,
because the late scan uptake ratio measure is feasible. The ratio is
also generally less biased when working in that preclinical space
with lower amyloid or tau load when trying to detect earlier stages
of deposition within the brain. With some of these amyloid or tau
tracers we can assess more than just the pathology load from a
dynamic study, such as surrogate measures of relative blood flow
from the early postinjection PET data that are reflective of radioli-
gand delivery from the vasculature into the brain. This is exciting
and potentially relevant for studies of vascular factors that might
cause someone to be more vulnerable to the deleterious effects of
therapies—in addition to providing more in vivo information on
patient status. So, certainly for the Harvard Aging Brain Study,
amyloid PET information is still collected dynamically over
60 min, and I think this has been a positive approach.

Dr. Barthel: This might be even more relevant for the tau
tracers.

Dr. Price: This is true. For at least some of these tracers, static
tissue uptake ratios do not reach a plateau during the late-scan
PET acquisition interval, particularly for high binders, making the
imaging outcome susceptible to variations in the scan start time
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(i.e., higher uptake ratio values when postinjection imaging start
times are delayed).

Dr. Barthel: This brings me to the exciting ongoing develop-
ment of new-generation tau tracers. One tau tracer, flortaucipir, is
already approved by the U.S. Food and Drug Administration.
What is your impression of these emerging new-generation tra-
cers? Do we need better tau tracers?

Dr. Price: It’s important to reduce off-target signal in tau PET
and to use a radiotracer with the best signal-to-noise and dynamic
range. | haven’t worked with all of the tau radiotracers, but those
that allow robust assessment of uptake in brain areas where neuro-
pathologic protein deposition occurs early in AD, such as the
mesial temporal areas, would be good tracers of choice.

Apart from amyloid and tau tracers and in terms of emerging
new-generation radiotracers, it would be of great significance to
have new radioligands that enable robust imaging of a-synuclein
and TAR DNA-binding protein 43 neuropathology. These capabil-
ities would expand our primary pathology imaging approach to
Parkinson disease, frontotemporal dementia, and other disorders.

Dr. Barthel: Let’s talk about an interesting technology develop-
ment we are currently seeing. Different groups worldwide are
working on dedicated brain PET scanners. What is your opinion?
Does this make sense to you?

Dr. Price: In my opinion, technological advances for dedicated
brain scanners are important in terms of targeting very early dis-
ease. Just within the AD realm, it would be important for us to
accurately image emergent tau pathology in the small locus coeru-
leus to further our in vivo understanding of the aging process and
AD. But these imaging systems can be quite expensive and require
top-level expertise. So, in addition, it would be beneficial to have
a new generation of brain PET scanners that are both improved
and more affordable. This would allow greater public access to
advanced brain imaging technology across various settings. Both
expense and expertise are required to achieve this—that’s why it
is so important to mentor new generations of dedicated scientists
who can improve technology translation.

Dr. Barthel: This aim of broadening access to imaging technol-
ogy brings me to my last point: diversity. Diversity is increasingly
considered to be important in science, as well as in everyday life.

You are working at the CDI at MGH. Can you tell us a bit more
about your efforts in this regard?

Dr. Price: The MGH CDI has been clinically focused since
it began almost 30years ago. The goals included working to
improve recruitment and retention of diverse individuals who are
underrepresented in medicine (UiM) and to increase opportunities
for these individuals to advance to senior positions in academic
medicine at MGH. In October 2021, an initiative was launched to
further expand CDI efforts into the research realm. Cesar Castro,
MD, and I were chosen to be faculty codirectors for research
at that center. There we have a strong focus on supporting
individuals and networking. My efforts focus more on PhD
researchers within the medical school environment. We try to
understand an individual’s aspirations and resources and provide
support through one-on-one meetings on funding opportunities,
the processes of grant development and review, CVs, and career
development opportunities. Sometimes more difficult issues are
addressed, such as challenges with mentors. On a more general
level, we also support larger initiatives within MGH research
training programs, ranging from undergraduates, medical stu-
dents, graduate students, and postdocs to residents and early
career faculty, for whom internal career development awards are
available. My efforts involve a range of research initiatives target-
ing UiM recruitment and retention and building a diverse research
community.

Dr. Barthel: This sounds like very important work. Diversity is
becoming a huge topic in clinical trials, with the Imaging Demen-
tia—Evidence for Amyloid Scanning (IDEAS) study representing
just 1 example in our field. We are living in a diverse world, and
clinical studies need to reflect the diversity in the population.

Dr. Price: We know that for some of the AD therapeutics currently
being tested, differences in efficacy could depend on side effects,
comorbidities, and genetic factors. Also, the impact of a diagnosis or
of a positive amyloid scan may lead in specific cases to consideration
of therapeutic options requiring frequent treatment visits. An indivi-
dual’s ability to take part might depend on access to a nearby health
center that can provide the treatment.

Dr. Barthel: Thanks so much, Julie, for these great insights and
for your time.
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STATE OF THE ART

The Potential Contribution of Radiopharmaceutical Therapies
in Managing Oligometastatic Disease

Amar U. Kishan'?, Shankar Siva®, Michael S. Hofman®*, James Nagarajahs, Ana P. Kiess®, Phuoc Tran’, and

Jeremie Calais®

Department of Radiation Oncology, UCLA, Los Angeles, California; *Department of Urology, UCLA, Los Angeles, California;

3Peter MacCallum Cancer Centre and Sir Peter MacCallum Department of Oncology, University of Melbourne, Melbourne, Victoria,
Australia; *Prostate Cancer Theranostics and Imaging Centre of Excellence, Molecular Imaging and Therapeutic Nuclear Medicine,
Peter MacCallum Cancer Centre, Melbourne, Victoria, Australia; Sir Peter MacCallum Department of Oncology, University of
Melbourne, Melbourne, Victoria, Australia; °Roentgeninstitut Duesseldorf, Duesseldorf, Germany,; *Department of Radiation Oncology
and Molecular Radiation Sciences, School of Medicine, Johns Hopkins University, Baltimore, Maryland; "Department of Radiation
Oncology, University of Maryland School of Medicine, Baltimore, Maryland; and *Ahmanson Translational Theranostics Division,
Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, UCLA, Los Angeles, California

There is a growing understanding of the oligometastatic disease state,
characterized by the presence of 5 or fewer lesions. Advanced molec-
ular imaging techniques, such as prostate-specific membrane antigen
PET, refines the ability to detect oligometastatic recurrences (oligore-
currences) early. These developments have led to the exploration of
metastasis-directed therapy (MDT) in oligorecurrent disease as an
alternative to or as a means of delaying systemic therapy. Unfortu-
nately, MDT often does not provide a durable cure, and progression—
particularly progression in multiple new areas—remains a concern.
Simultaneously, developments in radioligand therapy (RLT) have led
to studies showing overall survival benefits with «-emitting and
B-emitting RLT in advanced, high-volume, metastatic castration-
resistant prostate cancer. The success of RLT in late-stage disease
suggests that earlier use in the disease spectrum may be impactful.
Specifically, integration of RLT with MDT might reduce progression,
including polymetastatic progression, in the setting of oligorecurrent
disease.

Key Words: stereotactic body radiotherapy; radioligand therapy;
oligometastatic prostate cancer
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As our understanding of the natural history and biology of pros-
tate cancer evolves, we have gained appreciation for the fact that
metastatic prostate cancer is a heterogeneous disease entity com-
posed of multiple subgroups with distinct prognoses (7,2). The most
intuitive method of subclassifying metastatic disease—based on the
burden or volume of disease—is also the most evidence-based, as a
lower burden of disease has consistently been associated with
improved overall survival (OS) (3-7). At the extreme end of this
spectrum of disease would be the oligometastatic disease state, for-
mally postulated in 1995 and now considered to be a distinct disease
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stage characterized by the presence of a limited number of clinically
detectable metastases, typically 5 or fewer (8,9). Oligometastatic
disease can be further dichotomized on the basis of the temporal
sequence of presentation: de novo oligometastatic disease refers to
oligometastatic spread detected at the time of initial diagnosis, and
recurrent oligometastatic disease (or oligorecurrent disease) refers to
oligometastatic disease detected after prior definitive-intent local
therapy. Conceptually alongside increasing evidence, the oligometa-
static disease state could be considered a combination of truly indo-
lent disease biology with limited polymetastatic potential, truly
aggressive disease biology identified early in the course, or tradition-
ally subclinical disease that has been identified by increasingly sen-
sitive imaging (10,11).

The recognition of the oligometastatic disease state occurred in
synchrony with years of diligent basic, translational, and clinical
research that have identified substantial survival benefits with andro-
gen deprivation therapy (ADT) and second-generation androgen
receptor signaling inhibitors in metastatic hormone-sensitive prostate
cancer (mHSPC) (72). Although the improvement in efficacy has
been undeniable, ADT alone, let alone with second-generation agents,
is associated with significant detriments in quality of life (13).

Furthermore, significant imaging advances have led to a sub-
stantial improvement in detection of metastatic spread, allowing
diagnosis of metastatic disease far earlie—and thus at a substan-
tially lower burden—than previously possible. Chief among these
advancements is the development of prostate-specific membrane
antigen (PSMA)-based PET/CT. PSMA PET/CT offers substan-
tially improved sensitivity and specificity for the identification of
extraprostatic disease in both the de novo and the recurrent set-
tings (/4). A reasonable conclusion would be that molecular imag-
ing—defined oligometastatic disease represents the lowest potential
burden of disease along the metastatic spectrum, and therefore
alternative therapeutic strategies to those typically used for con-
ventionally defined mHSPC can and should be pursued.

OVERVIEW OF METASTASIS-DIRECTED THERAPY (MDT) IN
PROSTATE CANCER

To this end, MDT has emerged as an attractive option for the
growing population of patients diagnosed with molecularly defined
mHSPC. The premise for why MDT might significantly impact
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natural history, rather than simply provide local control for treated
lesions, stems from the discovery that metastasis-to-metastasis
spread in the same patient is common, either through de novo
monoclonal seeding of daughter metastases or through the transfer
of multiple tumor clones between metastatic sites (15). Indeed, in
contrast to the traditional belief in solid oncology that the cancer
is no longer curable once it becomes metastatic, aggressive MDT
to eliminate all sites of macroscopic disease in a patient with oli-
gometastatic disease has been shown to lead to long-term disease
control and possibly even a cure in certain cases (/6-235).

The development of stereotactic body radiation therapy (SBRT),
which involves the delivery of an ablative dose of radiation pre-
cisely to the lesions in 5 or fewer treatment sessions, is a critical
tool for MDT. Given its biologic advantage of a higher dose per
fraction, increased convenience with a shorter treatment course, a
high local control rate, and a modest toxicity profile, SBRT has
become the radiation modality of choice when delivering MDT.
The randomized SABR-COMET trial is one of the earlier trials that
tested whether MDT delivered via SBRT could improve outcomes
in patients with oligometastatic disease. In this trial, 99 patients
with controlled primary malignancies of various histologies who
had 5 or fewer metastatic lesions were randomized 2:1 to SBRT to
all sites of disease or the palliative standard of care (which included
non-SBRT palliative radiation). The most common primary tumor
types were breast (n = 18), lung (n = 18), colorectal (n = 18), and
prostate (n = 16). At a median follow-up of 25 mo, median OS
was 41 mo among patients receiving SBRT versus 28mo in
patients receiving the standard of care (P = 0.09) (26). With
longer-term follow-up (median, 51 mo), SBRT was still associated
with an increased OS (5-y OS, 42.3% vs. 17.7%; P = 0.006) and
progression-free survival (PFS) (5-y PFS, not reached vs. 17.3%;
P = 0.001) (17). However, an increased risk of grade 2 toxicity or
higher was seen (29% vs. 9%, P = 0.026).

For prostate cancer specifically, MDT for oligorecurrent disease
has been evaluated in 4 prospective studies, including 2 random-
ized phase II trials (Table 1). The STOMP trial enrolled 62 men
with oligorecurrent disease after prior surgery or radiation who
had no more than 3 metastases visible on ''C-choline PET and
randomized them to observation versus MDT (/8). The primary
endpoint was ADT-free survival, with ADT starting at the time of
polymetastatic progression, local progression, or symptoms. PFS
was a composite secondary endpoint, defined by biochemical pro-
gression (as per PCWG2 (27)), RECIST-based local progression

NOTEWORTHY

B MDT, particularly in the form of SBRT, has been shown to
improve PFS and systemic treatment-free survival in men with
oligorecurrent prostate cancer in multiple prospective studies.

B Long-term cures after MDT are rare, and a substantial proportion
of patients experience polyprogression within 2 y of MDT.

W 2*Raand ""Lu-PSMA RLT have been shown to improve OS
in patients with mCRPC, but responses in advanced disease
are not durable because of the aggressive natural history and
high burden of disease that can become nonresponsive.

B Integrating theranostic therapy with metastasis-directed SBRT
may limit polyprogression and improve durable response rates
and intervals.
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Bone, 61%; node, 36%;

NaF PET/CT (1-3 lesions) 33

Phase | SBRT (33% had ADT)

POPSTAR (20)

.

2-y ADT-FS, 48%
22% had complete response

bone and node, 3%
Node, 92%; bone, 8%

with PSA < 0.05;
ADT-FS, 17.7mo

16

37

Negative conventional and positive
PSMA PET/MRI/CT (1-5 lesions)

ADT-free survival.

Phase Il single MDT (73% SBRT)

randomized controlled trial; ADT-FS

MRgRT (23)

RCT
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(28), distant progression, and death from any cause. Among
patients who received MDT, 81% received SBRT. Initial results at
a median follow-up of 36 mo showed that MDT improved ADT-
free survival from 13 to 21 mo and improved the median time to
biochemical progression from 6 to 10 mo. In an update with longer
follow-up, the PFS benefit of MDT was maintained (hazard ratio
[HR], 0.48; P = 0.01) (29).

The ORIOLE trial enrolled 54 patients with oligorecurrent dis-
ease after prior surgery or radiation who had no more than 3
metastases visible on conventional imaging (/9). The primary end-
point was the proportion of men with disease progression at 6 mo,
defined as a composite endpoint of a PSA rise of at least 2 ng/dL
and 25% above nadir; concern for radiologic progression by either
CT, MRI, or bone scanning; symptomatic progression of disease;
initiation of ADT for any reason; or death. All patients underwent
8F_DCFPyL PSMA PET/CT as well, though patients and investi-
gators were masked to the results. Overall, SBRT reduced the pro-
portion of men with disease progression from 61% to 19% at 5 mo
(P = 0.005). With a median follow-up of 18.8 mo, the median
PFS with SBRT was not reached, whereas it was 5.8 mo with
observation (HR, 0.3; P = 0.002). Among the 36 men who under-
went PSMA PET/CT, 16 (44.4%) had lesions not seen on conven-
tional imaging. The proportion of progression at 6 mo was only
5% for men with no untreated PSMA-positive lesions, versus 38%
for those with any untreated PSMA-positive lesions (P = 0.03).
Median distant metastasis-free survival was 29.0 mo in men with
no untreated lesions, versus 6.0mo in men with any untreated
lesion (P < 0.001).

In an update with a median follow-up of 5.3y, the PFS benefit
of MDT was maintained (HR, 0.48; P = 0.01) (29). In a per-
protocol analysis, MDT improved castration-resistant prostate can-
cer—free survival (HR, 0.51; P = 0.12) (30).

A pooled analysis of both trials with a median follow-up of
52.5mo found that MDT significantly improved PFS from 5.9 to
11.9 mo, with a pooled HR of 0.44 (P < 0.001) (29). However,
radiographic PFS, time to castration-resistant prostate cancer, and
OS were not improved. Patients whose tumors harbored a high-
risk mutational signature (defined by pathogenic somatic muta-
tions within ATM, BRCAI1/2, Rbl, and TP53) had a shorter PFS,
though these patients had a significantly larger PFS benefit from
MDT as well.

Two additional single-arm phase II trials have used advanced
molecular imaging to investigate MDT in patients with oligorecur-
rent disease. The POPSTAR trial enrolled 33 men who had up to
3 bony or lymph node lesions seen on a screening '8F-NaF-PET/
CT scan (20). The primary endpoints were feasibility and tolera-
bility; secondary outcomes included local and distant PFS, with
the former scored by RECIST (268). Local PFS was 93% at 2y,
whereas 2-y distant metastasis-free survival was 39%. Twenty-two
of the patients had hormone-sensitive disease, and among these
patients, the freedom from ADT was 48% at 24 mo. The PSMA
MRgRT trial enrolled patients with negative results on conven-
tional imaging and 5 or fewer lesions on !F-DCFPyL PSMA
PET/MRI/CT who had a rising PSA of 0.4-3.0ng/mL (23). Ulti-
mately, 37 patients received MDT. At a median follow-up of
15.9mo, 22% of patients had a complete biochemical response
(PSA reduced to <0.05ng/mL) and 60% of patients had a PSA
decline of at least 50%. The median time to PSA progression was
17.7mo. An update of the initial PSMA MRgRT cohort found that,
with an extended follow-up to 40.7 mo, the biochemical response
rate was maintained at 59.4%, with a complete biochemical
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response in 27% (317). In a validation cohort of 37 patients with
identical enrollment criteria and a median follow-up of 14.3mo, a
biochemical response was seen in 43% of patients, with a complete
response in 13.5%.

Taken together, studies confirm that MDT (predominantly
delivered with SBRT) for patients with oligorecurrent prostate
cancer significantly delays PSA-based progression. Importantly,
MDT is safe: across these trials, of the 165 patients who received
MDT, only 2 grade 3 toxicities attributable to MDT were seen.
This contrasts with SABR-COMET, in which 3 treatment-related
deaths were seen. The difference may be explainable by the fact
that patients on the 4 prostate trials rarely had visceral metastases,
which can be more challenging to irradiate.

Despite the favorable safety profile and overall initial efficacy,
however, there are clearly patients who progress after MDT and
may benefit from further treatment intensification (32,33). In a ret-
rospective study of 258 patients with oligorecurrent mHSPC who
had a median follow-up time of 25.2 mo, the median time to PSA
recurrence after MDT was 15.7mo and the median distant
metastasis-free survival was 19.1 mo. Among patients who did not
receive ADT, the median time to PSA recurrence was 10.9 mo and
distant metastasis-free survival was 12.4mo. Another 20 men
were treated with a defined course of ADT; after stopping ADT,
the median biochemical PFS was 17.6mo. Overall, bone-only
recurrence was the most common form of failure (44.2% of
patients with recurrences), with another 24.8% of recurrences
involving osseous disease in addition to another site. Node-only
recurrences accounted for 26.5% of recurrences. Interestingly, the
original site of recurrence was associated with subsequent sites of
recurrence. Among patients treated for a bone lesion, most recur-
rences (86.5%) involved at least 1 osseous structure. For patients
treated for a node-only lesion, most recurrences were also node-
only (64.5%), though an osseous component was seen in 32.3% of
recurrences. Three modes of progression were defined. Class I pro-
gressors, accounting for 40.9% of patients overall and 27.6% trea-
ted without ADT, had long-term control with no recurrences after
18 mo. Class II progressors, or oligoprogressors, had no more than
3 lesions at recurrence and accounted for 36% of patients overall
and 44.8% of those treated without ADT. Class III progressors, or
polyprogressors, had more than 3 lesions at recurrence and
accounted for 23.1% of patients overall and 27.6% of those treated
without ADT. Among patients who had advanced molecular imag-
ing for follow-up, rather than conventional imaging, a lower per-
centage had long-term control (36.3%) and a higher percentage
had polyprogression (26%). Overall, these data suggest that sys-
temic therapy intensification is warranted in some patients with
oligorecurrent mHSPC. Given that most men with early oligome-
tastatic disease defined by molecular imaging may be seeking to
avoid ADT—which may be primarily cytostatic in this context—
alternative forms of systemic intensification warrant investigation.

OVERVIEW OF RADIOLIGAND THERAPY (RLT) AND
THERANOSTIC THERAPIES IN PROSTATE CANCER

RLT, also known as radionuclide therapy, refers to the systemic
administration of radiolabeled drugs targeting proteins that are
specific to abnormal cells, allowing the delivery of localized radia-
tion at the cellular level (34). Radioligands can be broadly classi-
fied into a-emitting radioligands and B-emitting radioligands.
a-particles have short pathlengths of 50-80 wm, possess a linear
energy transfer of 100keV/um, and can cause significant direct
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DNA damage (35,36). B-particles have a longer pathlength of
0.05-12 mm as well as lower linear energy transfer of 0.2 keV/pum
(37). B-particles may thus be less directly efficacious, particularly
against smaller lesions, and may have more toxicity against non-
target tissues (38). Overall, only 1 a-emitter is approved for clini-
cal use, whereas multiple B-emitters are approved across different
cancers. Specifically in the context of prostate cancer, 2 older
B-emitters were approved for palliative use, but 1 «-emitter,
223Ra-dichloride (***Ra), and 1 B-emitter, !7’Lu vipivotide tetraxe-
tan (!7’Lu-PSMA-617), have been shown to improve OS (39).
Studies with these agents are summarized below and in Table 2.

223Ra is a targeted a-emitter that, as a calcium mimetic, is pref-
erentially incorporated into the bony matrix in areas of high bone
turnover such as osteoblastic or sclerotic metastases (40-42).2%3Ra
is thus an attractive RLT for metastatic castration-resistant prostate
cancer (mCRPC), a lethal, end-stage form of prostate cancer in
which bone-related complications are a leading cause of death
(43). The benefit of 2Ra was shown in the ALSYMPCA trial
(44). In this trial, 921 men with progressive mCRPC and 2 or
more symptomatic bone metastases with no known visceral metas-
tases were randomized in a 2:1 fashion to receive either 6 doses of
223Ra (dosed at 50 kBg/kg of body weight every 4 wk) or placebo,
in addition to the standard of care. The primary endpoint was OS,
and this was improved by the addition of 2?>Ra (median OS, 14.9
vs 11.3mo; P < 0.001). The time to the first symptomatic skeletal
event was significantly prolonged as well (median, 15.6 vs.
9.8mo; P < 0.001). No significant differences in adverse events
of grade 3 or higher were noted between arms. At the median
follow-up of 13 mo, no acute myeloid leukemia, myelodysplastic
syndrome, or new primary bone cancers were seen (45). Quality
of life was also assessed; using an estimation of pain-related
symptoms based on the Functional Assessment of Cancer Ther-
apy—Prostate questionnaire, patients receiving ?>*Ra were found to
be more likely to experience meaningful improvements in pain
(30.2% vs. 20.1%; P = 0.010) (46). An earlier randomized phase
II trial using a similar dosing regimen, but with only 4 doses total,
identified a benefit in terms of time to first bone-related event as
well (47). A trial-level metaanalysis that included both studies
found a pooled HR of 0.70 (95% ClI, 0.58-0.83) for improving OS
(48). Unfortunately, the addition of **Ra to abiraterone acetate
with prednisone failed to improve symptomatic skeletal event—free
survival or OS in the evaluation of 2>Ra in combination with abir-
aterone in castration-resistant prostate cancer (ERA 223) trial (49).
Significantly more fractures were seen in patients receiving 2>>Ra
(9% vs. 3%), particularly in patients not receiving bone protection
agents.

Theranostics is a precision medicine approach that uses targeted
radioactive compounds to image specific cell surface markers and
subsequently uses RLTs to irradiate tissues expressing these mar-
kers (50). '77Lu-PSMA-617 is a chemically modified DOTA-
conjugated PSMA binder that has allowed the first theranostic
therapy in prostate cancer. In the VISION trial, 831 patients with
mCRPC and at least 1 PSMA-positive lesion were randomized in
a 2:1 ratio to either 4 or 6 cycles of 7.4 GBq of '"’Lu-PSMA-617
every 6 weeks with standard of care versus standard of care alone
(51). Specific eligibility criteria were at least 1 PSMA-positive
lesion with uptake greater than liver parenchyma and no large
PSMA-negative lesions, disease progression after treatment with
at least 1 second-generation androgen receptor signaling inhibitor
and 1 or 2 taxanes, and life expectance of more than 6 mo. Treat-
ment with '"’Lu-PSMA-617 improved OS (median, 15.3 vs.
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11.3mo; P < 0.0001) and radiographic PFS (median, 8.7 vs.
3.4mo; P < 0.001). Grade 3 or higher adverse events were higher
in the experimental group (52.7% vs. 38.0%), but overall quality of
life was not impacted. The most common adverse events included
fatigue, dry mouth, anemia, and back pain. Time to first symptom-
atic skeletal event or death was also prolonged (median, 11.5 vs.
6.8mo; P < 0.001). A subsequent quality-of-life analysis found
that time to worsening of quality of life by the Functional Assess-
ment of Cancer Therapy—Prostate metric was prolonged with
77Lu-PSMA-617 (52). Hematologic adverse events of grade 3 or
higher included decreased hemoglobin (15% vs. 6%), lymphocyte
concentrations (51% vs. 19%), and platelet counts (9% vs 2%).

The phase II TheraP trial randomized 200 patients with mCRPC
and prior docetaxel treatment to !”’Lu-PSMA-617 or cabazitaxel
(53). Patients were required to have at least 1 *®Ga-PSMA—posi-
tive lesion with an SUV .. of at least 20 (with all other PSMA-
avid sites having an SUV ,, of =10) and nondiscordant findings
between PSMA and '®F-FDG PET/CT. The dosage schedule for
17"Lu-PSMA-617 was 8.5 GBq for the first cycle with a 0.5-GBq
decrease per each subsequent cycle (maximum of 6 cycles with 6
wk between cycles). The primary endpoint was the PSA response
rate (=50% reduction), and treatment with !”’Lu-PSMA-617 did
significantly improve this (66% vs. 37%, P < 0.0001). The effect
of treatment on PFS was not constant with time, and the impact
appeared to be more pronounced after 6 mo. However, when a
Cox model was used, progression was delayed with !’’Lu-PSMA-
617 (HR, 0.63; P = 0.0028). '"Lu-PSMA-617 did not increase
the rate of overall toxicities of grade 3 or higher (33% vs. 53%),
though thrombocytopenia was more common with '"’Lu-PSMA-
617 (11% vs. 0%). Improvements in quality of life and symptoms
were seen with !”7Lu-PSMA-617 with respect to diarrhea, fatigue,
social functioning, and insomnia, and deterioration-free survival
for global health status was better for men receiving '’’Lu-PSMA-
617 at 6mo (9% vs. 13%, P = 0.0002). A post hoc analysis found
that ®Ga-PSMA-PET SUV,,.,, was predictive of a higher likeli-
hood of a favorable response and a high '®F-FDG PET metabolic
tumor volume associated with a lower response regardless of ran-
domly assigned treatment (54).

"7Lu-PSMA-I&T (also known as '7’Lu-PNT2002) is the sec-
ond PSMA-targeting RLT that has been studied in large clinical
trials. It has more kidney uptake, but less lacrimal uptake, than
7TLu-PSMA-617 (55-57) and has shown anticancer activity in
the compassionate-use setting for patients with heavily pretreated
mCRPC (58). It is being studied in 2 phase III randomized trials in
the mCRPC space: SPLASH (NCT04647526) and ECLIPSE
(NCTO05204927). Preliminary results from both were expected in
late 2023.

COMBINING RLT WITH MDT

Overall, the data suggest that although MDT for mHSPC is
effective at controlling individual lesions, its potential as a curative
option is limited because of the existence of occult disease at the
time of treatment. The use of advanced molecular imaging for
patient selection may increase the percentage of patients with a
long-term response, but ultimately most patients will still experi-
ence progression. RLT possesses significant antineoplastic activity
even in the most advanced setting of mCRPC but ultimately is not
a curative option given the natural history of CRPC and a limit to
the number of cycles that can safely be administered (59). The
ultimate limitation after RLT may also depend on the emergence

of PSMA-negative, '8F-FDG—positive disease that is no longer
effectively targeted. Earlier administration of RLT therapy before
such clones can emerge and when the burden of disease is lower
may increase the effectiveness of RLT in durably controlling dis-
case. A logical synergy between MDT and the theranostic
approach might be achieved using both MDT and RLT in patients
with oligorecurrent mHSPC. The disease setting would by defini-
tion include a low burden of disease, and we would not expect the
presence of PSMA-negative '|F-FDG-positive occult disease,
which would improve the efficacy of the RLT. Similarly, the addi-
tion of RLT and the use of imaging to select patients with lower-
volume disease would improve the efficacy of MDT by reducing
the rates of oligo- and polyprogression.

The potential benefit of this synergy also rests on the hypothesis
that RLT would be effective, without combination with ADT, in
mHSPC. This was tested in the randomized multicenter phase II
BULLSEYE trial (60). In this trial, men with mHSPC and 5 or
fewer lesions, with an SUV ., of more than 15 for all lesions and
a PSA doubling time of no more than 6 mo were randomized in a
1:1 fashion to 24 cycles of 7.4 GBq of '"’Lu-PSMA-617 versus
deferred ADT. The primary endpoint is progression within 24 wk
of cycle 2, with progression defined as a 100% increase in PSA or
radiographic or clinical progression. Early results based on the first
42 patients enrolled on the study indicated a promising effect from
the treatment (34). The median PSA was 4.5ng/dL at inclusion.
At 6 mo of follow-up, 10% of patients on the treatment arm versus
77% of patients on the control arm had experienced progression.
The median PFS was not reached in the treatment arm, versus
4 mo in the control arm (P < 0.001). Overall, 24% of patients had
a complete biochemical and imaging response. Only 3 grade 3
adverse events were seen. Though early, these interim results sup-
port the concept that RLT agents are active in the setting of
mHSPC as well.

The direct question of whether the integration of RLTs with
MDT will improve outcomes in mHSPC is being tested in 3 ran-
domized phase II trials and 2 single-arm phase 2 studies. These
are summarized in Table 3. The RAVENS and LUNAR trials will
be fully accrued by the end of 2023. The phase III PSMA-DC
study (NCT05939414) is also planned to open to accrual in late
2023 for patients with only molecular oligometastatic disease. As
data supporting RLT in earlier disease states matures, more studies
integrating RLT with MDT are likely on the horizon.

CONCLUSION

An increased appreciation of the oligometastatic state in pros-
tate cancer has led to a paradigmatic shift in approaches to manag-
ing selected patients with low-volume or oligorecurrent mHSPC.
Among the most promising is the use of MDT, particularly via
SBRT, to significantly prolong progression and the initiation of
ADT. In tandem, clinical trials have shown survival benefits to the
use of a-emitting *>*Ra and B-emitting '"’Lu-PSMA agents in
more advanced mCRPC. Given that progression, particularly poly-
progression, remains a common pattern of progression after MDT
for oligorecurrent disease, the integration of RLTs with MDT
seems a rational approach. Several clinical trials, including 3 ran-
domized phase II trials, have already been launched evaluating
this concept. The results of these studies are eagerly anticipated,
and further clinical studies will be necessary to define the optimal
integration and sequencing of these agents.
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ISIT REALLY HAPPENING?

Is "*F-FDG Metabolic Tumor Volume in Lymphoma

Really Happening?
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and 3Department of Hematology and Cancer Center Amsterdam, Amsterdam UMC, Vrije Universiteit Amsterdam, The Netherlands

Tumor burden influences prognosis in lymphoma, with unidi-
mensional bulk used for risk assessment and decisions about radio-
therapy consolidation (/). Total metabolic tumor volume (TMTV)
using '8F-FDG PET emerged 10y ago as a promising biomarker
(2) that was superior to bulk (3). However, until now, metabolic
tumor volume (MTV) has not been used in clinical practice or trial
design. We attribute this to lack of common methodology, the per-
ception that measurement is difficult, and the unavailability of
software tools. Consensus is also required about which tumor
areas to include (4). Furthermore, MTV has been evaluated in
datasets providing binary cutoffs to divide patients into prognostic
groups, which are data-driven and population-dependent (5).

WHAT IS CHANGING?

A New Benchmark Method Has Been Established

Because prognostication and interobserver agreement are equally
good irrespective of the measurement method (6), choice should reflect
ease of use. One method has emerged as simple, quick to perform
using academic and commercial software, and closely matching the
visual perception of nuclear medicine reads from 6 published methods
in diffuse large B-cell lymphoma (DLBCL) (7) and Hodgkin lym-
phoma (8). The delineation method uses an SUV of at least 4.0 and a
minimum individual lesion volume of 3 ¢cm®. The SUV of 4.0 limits
physiologic uptake that requires editing compared with lower thresh-
olds and reduces underestimation of heterogeneous lesions compared
with percentage SUV thresholds. The 41% SUV . threshold, although
frequently studied, has increased variability across software depending
on whether SUV ., is defined as the maximum in the TMTV or as
lesional. If lesional, the clustering algorithm can influence how lesions
are outlined. The minimum volume reduces measurement complexity
without significantly influencing TMTV. The method using an SUV of
4.0 is insensitive to uptake time and to the presence or absence of later
progression in patients (7) and is the least sensitive to reconstruction
method, including ultra-high-sensitivity reconstructions (9) used in
advanced technologies such as total-body PET/CT. In approximately
80% of DLBCL cases, minimal reader interaction was required—for
example, removing physiologic uptake with single clicks, achievable in
2-3 min (7) with additional manual editing in 20% of cases.
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The vision for standardization of MTV measurement was outlined
in this journal (4) with a proposal for a benchmark dataset using a
common method with consensus MTV values and segmentations as
outputs. Data from the MTV road map have been presented involv-
ing 12 readers from 9 countries using 3 academic software programs.
Readers analyzed 60 cases from 3 lymphoma subtypes (/0). TMTV
measurement was unaffected by the software used, with close reader
agreement in 52 of 60 cases. Disagreement was mainly due to inter-
pretation of diffuse splenic uptake with smaller, less clinically rele-
vant differences due to manual editing of physiologic uptake.

The benchmark will soon be made publicly available so readers
can check the reliability of MTV measurements using local soft-
ware and their clinical interpretation. New measurement methods,
including artificial intelligence approaches, can be evaluated
against the benchmark, with both being tested in the same dataset
provided patient outcomes are known, to determine whether newer
methods improve prognostication, reduce reader time, or improve
agreement. The benchmark can also be used to explore questions
such as the prognostic relevance of the spleen.

A concern about the transition to one method could be whether
research using other methods might be wasted and that the method
using an SUV of 4.0 has not been widely tested in indolent, albeit
less common, subtypes. A statistical method for combining batches
(ComBat) of data using different methods (/7) has been successfully
applied in retrospective trial datasets (/2). Nonetheless, having a
standardized approach for prospective study in aggressive lymphoma
is a critical step for universal adoption of MTV as a biomarker.

New Prognostic Indices Have Been Incorporated

Other major developments are testing of TMTV in large data-
sets, expression as a continuous variable, and incorporation with
established risk factors.

The method using an SUV of 4.0 was explored in 1,214 patients
with newly diagnosed DLBCL (/3) by the Positron Emission
Tomography Reanalysis (PETRA) consortium in 5 international
trials. First, the best statistical relationship was derived to associate
MTYV with progression-free and overall survival. The relationship
was a linear spline with 2 coefficients, such that the same incremen-
tal change had different impacts on survival above and below the
median. MTV performed better than the International Prognostic
Index (comprising binary cutoffs for age, lactate dehydrogenase,
stage, performance status, and more than one extranodal site) (/4).
Most International Prognostic Index factors proved redundant when
combined with MTV. The optimal “International Metabolic Prognos-
tic Index” included 3 factors: MTV and age (as continuous variables)
and stage (I-IV). Its continuous nature means progression-free
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survival can be predicted for individual patients by entering MTV,
age, and stage in a simple Excel (Microsoft) spreadsheet (https://
petralymphoma.org/impi). The International Metabolic Prognostic
Index allows for intelligent trial design, selecting a progression-free
survival cutoff at which the benefit of a novel treatment will likely
outweigh the risk of standard treatment in high-risk patients. The
integration of MTV with patient factors has also been explored in
2,174 patients from trial and real-world datasets, with performance
status being identified as an independent risk factor and MTV plus
performance status outperforming the International Prognostic Index
(12). Optimal selection of high-risk patients is relevant because new
treatments such as CAR T-cell therapy and bispecific monoclonal
antibodies are being tested in phase III trials in first- and second-line
DLBCL.

HOW SHOULD WE BUILD ON THE SUCCESS OF MTV?

The success of MTV has generated interest in other radiomic fea-
tures, which can be measured once TMTYV is delineated. The inde-
pendent prognostic value of disease dissemination—for example, the
maximum distance between lesions—was first reported by Cottereau
et al. (15). Biologic explanations for this phenomenon were recently
explored in Hodgkin lymphoma (/6). The PETRA consortium sug-
gested the potential to replace “stage” in the International Metabolic
Prognostic Index by “Dmaxbulk,” the maximum distance between
the bulkiest and the furthest lesion, with a small incremental benefit
for a radiomics score that also included performance status and
SUVpeak (17). Preliminary reports that integrate PET with emerging
molecular markers in circulating tumor DNA (/8) may further
improve baseline and dynamic risk. Methods to establish reliable
dynamic MTV measurement are also being explored (/9).

Confidence in TMTV is growing with agreement about stan-
dardization. A similar pragmatic approach of a simple, albeit not
perfect, method led to widespread adoption of the Deauville score
for lymphoma (20).

Now MTV needs to feature in trial design, either alone or
within prognostic indices such as the International Metabolic
Prognostic Index for risk stratification. To develop clinical deci-
sion tools, MTV (with or without other radiomic features) should
be prospectively evaluated at baseline and interim with liquid bio-
markers for minimal residual disease.

The first trial using MTV, Deauville score, and circulating
tumor DNA to risk-adapt treatment is already under way in Hodg-
kin lymphoma (www.clinicaltrials.gov/study/NCT04866654).

In conclusion, MTV for risk stratification in DLBCL is feasible
now in the clinic and being evaluated in a clinical trial on Hodgkin
lymphoma. A benchmark dataset will be available soon for stan-
dardization of measurement by PET centers, software developers,
and vendors. “The time to prepare for risk adaptation in lymphoma
by standardizing measurement of metabolic tumor burden is over”
(4): it is time to get on board.
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%8Ga-FAPI PET/CT as an Alternative to '*F-FDG PET/CT
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Accurate staging of invasive lobular carcinoma (ILC), a subtype of
breast cancer, is vital for effective clinical management. Although "8F-
FDG PET/CT is a commonly used tool, its efficacy varies across differ-
ent histologic subtypes. To mitigate this challenge, our investigation
delves into the potential utility of ®®Ga-fibroblast activation protein
inhibitor (FAPI) PET/CT as an alternative for staging ILC, aiming to
address a significant research gap using a more expansive patient
cohort than the smaller samples commonly found in the existing litera-
ture. Methods: In this retrospective analysis, women diagnosed with
primary ILC of the breast underwent both '®F-FDG PET/CT and ®Ga-
FAPI PET/CT. Both modalities were compared across all lesion loca-
tions with the used reference standard. The interval between scans
was 1 wk, without any intervening treatments. Lesions were catego-
rized visually, and tracer activity was analyzed using SUV yax, tumor-to-
background uptake ratio, and uptake ratios. Both modalities were
compared across various parameters, and statistical analysis was per-
formed using SPSS 22.0. A P value of less than 0.05 was chosen
to determine statistical significance. Results: The study included 23
female ILC patients (mean age, 51y) with hormone-positive, human
epidermal growth factor receptor type 2-negative tumors. Most (65%)
had the luminal A subtype. ®Ga-FAPI PET/CT outperformed '8F-FDG
PET/CT, with higher tumoral activity and tumor-to-background uptake
ratios (P < 0.001). Primary tumors showed significantly increased
uptake with 8Ga-FAPI PET/CT (P < 0.001), detecting additional foci,
including multicentric cancer. Axillary lymph node metastases were
more frequent and had higher uptake values with ®Ga-FAPI PET/CT
(P = 0.012). Moreover, ®Ga-FAPI PET/CT identified more lesions,
including bone and liver metastases. Pathologic features did not signifi-
cantly correlate with imaging modalities, but a positive correlation was
observed between peritumoral lymphocyte ratio and *3Ga-FAPI PET/
CT-to-"8F-FDG PET/CT uptake ratios (P = 0.026). Conclusion: This
study underscores %Ga-FAPI PET/CT’s superiority over '8F-FDG
PET/CT for ILC. ®8Ga-FAPI PET/CT excels in detecting primary breast
masses, axillary lymph nodes, and distant metastases; can comple-
ment '8F-FDG PET/CT in ILC; and holds potential as an alternative
imaging method in future studies.
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carcinoma
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Breast cancer is the most common cancer in women world-
wide, comprising 25% of female cancer cases (/). Invasive lobular
carcinoma (ILC) accounts for about 10% of all invasive breast
cancer cases (2,3). Precise clinical staging is crucial for treatment
decisions and prognosis (4,5).

Staging methods combine systemic and local assessments. Sys-
temic staging uses various diagnostic tools such as bone scans,
abdominal CT/MRI, thoracic CT, and '8F-FDG PET. Local dis-
ease extent is determined with mammography, ultrasound, and
breast MRI (6). '8F-FDG PET/CT, crucial for breast cancer man-
agement, aids in initial staging, restaging, treatment response eval-
uation, and recurrence detection (7).

The utility of '®F-FDG PET/CT, however, exhibits variability
among histologic subtypes, particularly in the case of ductal and
lobular breast cancers. The inherent challenges of identifying ILC
with '"8F-FDG PET/CT stem from distinct molecular and patho-
logic features, including lower cellular density, receptor expres-
sion, and metastatic patterns (2,3); furthermore, primary and
metastatic TLC is less '®F-FDG-avid than invasive ductal cancer
(IDC), leading to the weakness of '8F-FDG PET for ILC (8,9).
Additionally, factors such as small tumor size (<1 cm), in situ car-
cinomas, micrometastases, low-grade tumors, and benign patholo-
gies can compromise the sensitivity and specificity of '*F-FDG
PET/CT in breast cancer (10-12).

To address limitations, prior research explored alternatives such
as '8F-fluoroestradiol, especially for ILC (13,14). Recently, a new
radiopharmaceutical targeting fibroblast activation protein (FAP)
has gained attention for tumor diagnosis and staging. FAP, highly
expressed in cancer-associated fibroblasts (CAFs) (15—18), shows
promise in PET studies, especially in combination with ®3Ga, due
to favorable pharmacokinetics and high tumor background activity
(19-22).

The unique role of the tumor stroma and the abundant stromal
expression of FAP in primary breast cancer suggest a potential for
high accuracy in FAPI-directed imaging (23,24). Recent studies
have emerged comparing 'SF-FDG PET/CT and *%Ga-FAPI
PET/CT in breast cancer (25-27). Recent studies, including one
by Eshet et al., compare '3F-FDG PET/CT and °®Ga-FAPI
PET/CT in breast cancer, specifically in patients with ILC, albeit
within a limited cohort (25-27).

Motivated by the paucity of literature on this subject, this
study aimed to evaluate whether ®®Ga-FAPI PET/CT outperforms
'8E-FDG PET/CT in the context of ILC, with a focus on a larger
patient cohort.
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MATERIALS AND METHODS

Patient Selection and Evaluation

This study, approved by the Institutional Clinical Research Ethics
Commiittee, included 23 women with ILC. They underwent '8F-FDG
PET/CT and %Ga-FAPI PET/CT for staging before systemic chemo-
therapy or surgery (Fig. 1). Secondary confirmation methods, such as
bone scintigraphy-radiologic imaging or repeat °®Ga-FAPI PET/CT,
were routinely used because of potential limitations in '|F-FDG
PET/CT for the ILC subtype. The interval between scans was limited to
1 wk, with no intervening treatments. Eligible patients were 18y old or
older, with no recent systemic treatment or radiotherapy and a confirmed
diagnosis of ILC. All provided written informed consent. Exclusions
comprised men, individuals under 18y old, secondary malignancy,
severe hepatic—renal impairment, pregnancy, and breastfeeding.

Patient Preparation and PET/CT Imaging Protocols

I8F.FDG PET/CT. The patients underwent a standardized prepa-
ration regimen before the '8F-FDG PET/CT imaging session, includ-
ing a 12-h fast. Blood glucose levels had to be below 150 mg/dL. A
5 MBg/kg dose of "®F-FDG was administered intravenously. Sixty
minutes later, imaging was conducted using a Discovery 1Q PET/CT
device (GE Healthcare), scanning from the vertex to the mid femur.

%Ga-FAPI PET/CT. °®Ga-FAPI was synthesized and labeled
using the Modular Lab-Easy system (Eckert & Ziegler) in a modular
laboratory at our center, following a procedure akin to prior studies
(18,19). Quality control assessments using thin-layer chromatography
and high-performance liquid chromatography affirmed a radiochemi-
cal purity exceeding 98%. Subsequently, a 2-3 MBq/kg dose of
synthesized ®Ga-FAPI was intravenously injected into patients.
Forty-five minutes later, PET/CT imaging was conducted using the
Discovery 1Q PET/CT device, covering the vertex to the mid femur.

Pathologic Evaluation

In the pathologic assessment, specimens obtained through Tru-Cut
(Merit Medical) biopsy and excision were confirmed as malignant on
the basis of criteria such as anaplasia, absence of myoepithelial cells,
and the presence of mitosis or necrosis. Cases were evaluated for his-
tologic tumor type, presence of ductal or lobular carcinoma in situ,
nuclear grade, tumor-to-stroma ratio, and lymphocyte density and
were graded using the Nottingham histologic scoring system.

Immunohistochemistry on tissue sections assessed estrogen recep-
tor, progesterone receptor, Ki-67, and human epidermal growth factor
receptor 2/neu expression. Estrogen receptor and progesterone recep-
tor were evaluated in decimal percentiles, with staining intensity
graded as weak, moderate, or strong. Invasive carcinomas with

Patients with histopathologically proven
invasive lobular carcinoma
n=31

Excluded (n = 4):

| * 1 had ovarian cancer.

+ 3 due to the absence of ultrasound
and MRI for lesion confirmation.

Eligible patients
n=27

Excluded (n = 4):
4 patients did not have both #Ga-FAPI
PET/CT and '8F-FDG PET/CT

\ 4

A

Eligible patients
n=23

FIGURE 1. Descriptive flowchart of study.
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estrogen receptor and progesterone receptor between 1% and 10% were
considered low positive, less than 10% staining was negative (score 1),
and intense staining in more than 10% was positive (score 3). Human epi-
dermal growth factor receptor 2/neu—equivocal cases were verified with
human epidermal growth factor receptor 2 silver in situ hybridization, cat-
egorizing tumors into 5 molecular subtypes based on immunohistochemi-
cal results.

Evaluation of Images and Patient-Lesion Analysis

Two experienced nuclear medicine physicians meticulously reviewed
the PET/CT images, categorizing lesions as positive if detected by at
least 1 specialist and negative if not detected. Classification of lesions
without histopathologic confirmation was based on imaging methods
(ultrasound, mammography, CT, MRI) and clinical findings. Histopatho-
logic examination was conducted for 5 axillary lymph nodes in metastatic
lesions, whereas decisions for other sites relied on imaging methods and
clinical data.

For both PET/CT methods, areas with higher uptake than back-
ground were assessed as positive; findings from other modalities were
also considered in the assessment. Images in axial, coronal, and sagit-
tal planes were available for review. Semiquantitative analysis used
SUVax, With volumes of interest around primary breast lesions in 3
planes for both scans. SUV ., for primary lesions and metastases was
determined, and radiopharmaceutical uptake exceeding background
was quantified using SUV ., and tumor-to-background uptake ratio.
The obtained imaging findings from both PET/CT methods were com-
pared on both a patient basis and a lesion basis for further analysis and
interpretation. Staging was done according to the method of the Amer-
ican Joint Committee on Cancer (28).

Reference Standard

All patients who were evaluated had been discussed in the multidisci-
plinary council for breast cancer before the data were scanned retrospec-
tively. This council includes departments such as medical oncology,
radiation oncology, general surgery, medical pathology, radiology, and
nuclear medicine. Additional foci observed in PET/CT imaging for multi-
focal or multicentric primary malignancies, which had not undergone his-
topathologic testing, were further assessed using previous mammography
and MRI results to determine malignancy. If there was no histopathologic
evidence, regional lymph nodes observed in PET/CT imaging were corre-
lated with previous ultrasonographic and MRI results, taking into account
their molecular and morphologic characteristics depicted in the PET/CT
imaging.

Moreover, the molecular and morphologic properties of distant
lymph node, visceral, and bone involvement reported through PET/CT
imaging were evaluated alongside routinely performed conventional
imaging, as for breast lesions and regional lymph nodes. Finally,
alignment of the latest decisions with the conclusions documented by
the multidisciplinary council was ensured through consensus, also con-
sidering treatment response evaluations across all lesion sites during
follow-up periods. The median follow-up was 4 mo (range, 3—6 mo).
Consequently, the integration of multiple diagnostic modalities and
multidisciplinary discussions formed a robustly constructed reference
standard.

Statistical Analysis

The study data underwent descriptive statistical analysis, presenting
numeric variables as mean and SD and categoric variables through fre-
quency and percentage analysis. The normality and homogeneity of
variance were tested using the Shapiro-Wilk and Levene tests, respec-
tively. For nonnormally distributed dependent variables, the Wilcoxon
signed-rank test was used, whereas the Mann—Whitney U test com-
pared nonnormally distributed independent variables. Continuous vari-
ables were evaluated with the Pearson correlation test, and categoric
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variables with the Spearman correlation test. SPSS 22.0 software was
used for statistical analyses, with the significance level set at a P value
of less than 0.05.

RESULTS

Patient Demographics and Tumor Characteristics

In total, 23 women with ILC were enrolled in this study. Their
mean age was 51y (range, 37-79y), with 8 being premenopausal.
Before undergoing PET/CT, 4 patients had undergone breast sur-
gery. Additionally, 2 patients had bilateral breast cancer involve-
ment (Fig. 2). The pathologic and clinical characteristics of the
patients are summarized in Table 1.

Comparative PET/CT Analysis

The study revealed that *®Ga-FAPI PET/CT exhibited increased
tumoral activity retention, along with elevated tumor-to-background
uptake ratios, in comparison to 'F-FDG PET/CT, across all lesion
locations (13.22 = 8.1 vs 343 £2.12; P < 0.001; z = —3.621).
Furthermore, significantly increased ®®Ga-FAPI uptake (mean,
13.8 = 5.1) was detected in primary tumoral lesions compared with
8F_FDG uptake (mean, 3.9 = 3.0; P < 0.001; z = 3.621) (Table 2;
Figs. 3 and 4).
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FIGURE 2. Maximum-intensity projection '®F-FDG PET (left) and ®%Ga-
FAPI PET (right) images of synchronous ILC. (A) 42-y-old patient with mul-
ticentric primary lesions (encircled), regional (solid arrows), and distant
inferior jugular lymph node (dashed arrows) seen on '®F-FDG PET and
subsequently confirmed on ®Ga-FAPI PET, which also revealed additional
malignant foci aligned with MRI. Some lesions exhibited high activity
retention on %®Ga-FAPI PET. (B) 53-y-old patient showing no significant
uptake on '8F-FDG PET but synchronous bilateral lesions (arrows) on
88Ga-FAPI PET, which also identified pathologic lymph nodes (encircled),
resulting in upstaging. SUVbw = body-weight SUV.
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TABLE 1
Clinical and Pathologic Features of Patients

Feature Data
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Mean age (y) 51 (range, 37-79)

Pathologic score

5 2 (8.7)
6 6 (26.1)
7 7 (30.4)
8 3 (13,1)
9 5(21.7)
Grade
1 2 (8.7)
2 13 (56.5)
3 8 (34.8)

Mean ratio of tumor to stroma 0.91 (SD, 1.92)

Peritumoral lymphocyte infiltration

Evident 6 (26.1)

Not evident 17 (73.9)
Molecular subtypes

Luminal A 15 (65)

Luminal B/human epidermal growth 8 (35)

factor receptor 2-negative

Primary surgery before scanning

Yes 4 (17)

No 19 (83)
Premenopausal 8 (35)
Postmenopausal 15 (65)
Bilateral breast cancer

Yes 2(9)

No 21 (91)
Metastatic disease

Yes 11 (47.8)

No 12 (52.2)

Qualitative data are number followed by percentage in

parentheses.

Among the 23 patients, 19 had a primary breast lesion, whereas
4 had previously undergone mastectomy. Among those with a pri-
mary breast lesion, 6 had a solitary breast lesion, and 13 had multi-
centric breast cancer. The median size of primary breast lesions
was 20.5mm (range, 3-80mm). In total, 44 breast lesions were
analyzed, with only 2 lesions in the breast measuring less than
8mm, indicating that all lesions were likely to be !'|F-FDG
PET/CT-avid. Although the number of primary breast lesions
detected was identical for both '8F-FDG PET/CT and %®Ga-FAPI
PET/CT (25 lesions), ®®Ga-FAPI PET/CT identified an additional
19 foci (Table 3). Notably, among the 7 patients initially assessed
as having solitary breast cancer based on '*F-FDG PET/CT, %®Ga-
FAPI PET/CT revealed them to have multicentric breast cancer.
Moreover, **Ga-FAPI PET/CT detected a higher number of multi-
centric foci in 3 patients. Additionally, 4 patients exhibited nona-
vid lesions in the contralateral breast on 'F-FDG PET/CT that
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TABLE 2
SUVnax of 18F-FDG PET/CT and %8Ga-FAPI PET/CT According to Lesion Location

SUVmax
Lesion location 8F_FDG PET/CT %8Ga-FAPI PET/CT P
Primary breast 3.9+3.0 13.8 £5.1 0.001
Local/distant lymph node metastasis 1.15+0.8 11.5+x5.9 0.012
Liver metastasis’ 1.73+1.27 6,37 =3,5 None
Bone metastasis 5.3+41 19.1+6.0 0.017

*Wilcoxon signed-rank test.

TNumber of lesions (n = 3) was found to be insufficient for meaningful statistical analysis.

Data are mean *+ SD.

were detectable on °Ga-FAPI PET/CT. No correlation was
observed between the size of primary breast lesions and either
8E.FDG PET/CT uptake (P = 0.33; » = 0.151) or *®Ga-FAPI
PET/CT uptake (P = 0.19; » = 0.201), possibly because most
lesions were 1cm or larger, where '®F-FDG sensitivity is already
higher.

Axillary lymph node metastasis was detected in 1 patient with
8F_FDG PET/CT and in 8 patients with **Ga-FAPI PET/CT. The
mean uptake value of ®Ga-FAPI PET/CT (11.5 = 5.9) was signifi-
cantly higher than that of '8F-FDG PET/CT (1.15+0.8; P =
0.012; z = 2.521) (Table 2; Figs. 2 and 3). In total, 134 lymph
nodes were measured, with short diameters ranging from 5 to
18 mm. Among them, 89.5% had a short diameter of 8 mm or less.
Both '*F-FDG PET/CT and “*Ga-FAPI PET/CT showed involve-
ment in 6 lymph nodes (4.5%). '8F-FDG PET/CT demonstrated
no uptake in 34 lymph nodes, whereas *®Ga-FAPI PET/CT exhib-
ited uptake in 25.4% of these nodes. Ninety-four lymph nodes
were classified as benign by both imaging modalities (70.1%). Of
the 40 metastatic lymph nodes, 30 were at level 1, and the rest
were at level 2. There was a strong positive correlation between
lymph node short diameter and '*F-FDG PET/CT uptake values
(P < 0.001; » = 0.625), whereas higher accumulation on *®Ga-
FAPI PET/CT resulted in higher sensitivity, and these lesions suf-
fered less from the partial-volume effect (P < 0.001; » = 0.319).

Regarding metastatic sites, in 18 of 23 (78.2%) patients %*Ga-
FAPI PET/CT identified new lesions not seen on '|F-FDG
PET/CT, including multifocal primary lesions within the breast,
local or distant lymph nodes, bone, and liver (Table 3; Figs. 4 and 5).
Although 1 distant lymph node metastasis was detected on '*F-FDG
PET/CT, %8Ga-FAPI PET/CT revealed an additional 3 patients with
distant lymph node metastasis (mean, 3.0 and 8.5 *= 2.8, respec-
tively). Bone metastases were detected in 7 of 8 patients on '®F-
FDG PET/CT, and an additional patient with bone metastasis was
identified using ®®Ga-FAPI PET/CT. The total number of bone
metastases detected on 'F-FDG PET/CT was 264, compared with
473 on ®8Ga-FAPI PET/CT (Table 3; Fig. 5). In 87.5% of patients,
the number of bone metastases detected by °*Ga-FAPI PET/CT
was higher than that detected by '3F-FDG PET/CT. The mean
uptake of ®8Ga-FAPI PET/CT was 19.1 + 6.0, whereas it was
5.3+ 4.1 for '®F-FDG PET/CT (P = 0.017; z = 2.380) (Table 2).
Furthermore, 3 new solitary liver metastases, undetectable on 18R
FDG PET/CT, were visualized using *®Ga-FAPI PET/CT (mean,
6.37 £ 3.5) (Table 3; Fig. 4).
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The TNM classification and staging of 23 patients were com-
pared between 2 imaging modalities. T categories were assessed
in 19 patients, with operated cases classified as Tx. Both modali-
ties showed a similar distribution among T category groups
(Tx, T1, T2, T3, and T4). N category variations were observed:
I8F-FDG PET/CT showed 88% N0, 8% N1, and 4% N3, whereas
%8Ga-FAPI PET/CT showed 52%, 44%, and 4%, respectively,
with 36% upstaging in NO cases. Both modalities had comparable
results for the M category, but 8Ga-FAPI PET/CT revealed a
13% upstaging rate, indicating its ability to detect additional meta-
static lesions. Lastly, the anatomic stage group analysis revealed 1
case (4.4%) as stage 1A, 11 cases (47.8%) as IIA, 1 case (4.4%) as
IIB, 1 case (4.4%) as 11IB, and 9 cases (39.1%) as IV. The single
case identified as IA on '®F-FDG PET/CT was later identified as
IIA on °®Ga-FAPI PET/CT, also in line with the reference stan-
dard. Similarly, 3 of the cases identified as IIA, 1 case identified
as 1IB, and 2 cases identified as IIA were later upstaged by *Ga-
FAPI PET/CT to IIB, IV, and IV, respectively (Table 4).

Correlation Analysis of Imaging Uptake Ratios and
Pathologic Features

The mean uptake value in patients with luminal A disease was
4.42 +3.66 by '®F-FDG PET/CT, whereas it was 2.44 = 0.23 in
the luminal B subgroup (P = 0.092). Correspondingly, these values
were 13.6 + 5.4 and 14.6 = 5.7 by ®*Ga-FAPI PET/CT (P = 0.706).
There was no correlation between the luminal A or B subgroup
and the ratio of '8F-FDG PET/CT to ®Ga-FAPI PET/CT SUV .«
(P =0.102; r = —042).

Moreover, no significant correlation was found between the other
pathologic features of tumor and the uptake ratio of 'SF-FDG to *Ga-
FAPI PET/CT (glandular differentiation [r = 0.32; P = 0.17], nuclear
polymorphism [r = 023; P = 0.34], mitosis count [r = 0.31;
P = 0.18], grade score [r = 0.38; P = 0.099], grade [r = 0.19; P =
0.43], or tumor-to-stroma ratio [» = 0.29; P = 0.21]). In contrast, a
moderately significant positive correlation was observed between
the peritumoral lymphocyte ratio and the %Ga-FAPI PET/CT-
to—'8F-FDG PET/CT SUV/y, ratio (» = 0.498; P = 0.026). This sug-
gests that a higher peritumoral lymphocyte ratio was associated with a
higher uptake ratio of *Ga-FAPI PET/CT to ®F-FDG PET/CT.

DISCUSSION

False-negative rates are higher for ILCs than for ductal breast
cancers. Although MRI demonstrates high sensitivity in detecting
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FIGURE 3. Maximum-intensity projection '8F-FDG PET (left) and ®®Ga-
FAPI PET (right) images (A) and axial hybrid '®F-FDG PET/CT (left) and
58Ga-FAPI PET/CT (right) images (B-D) of 50-y-old patient with right bifo-
cal ILC. (A and B) Two adjacent breast lesions with low '®F-FDG PET/CT
uptake showed significantly higher uptake on ©Ga-FAPI PET/CT
(solid arrows). Dashed arrows in right panel indicate regional lymph nodes
detected by FAPI PET/CT. (C and D) Axillary lymph nodes (arrows) without
activity on '8F-FDG PET/CT exhibited significant uptake on ®®Ga-FAPI
PET/CT, leading to upstaging in N category. SUVbw = body-weight SUV.

primary breast masses and axillary lymph nodes, '*F-FDG PET
serves as the most valuable tool for identifying distant metastases.
In the presence of ILC, a secondary imaging method becomes nec-
essary. Given that the stroma volume can surpass that of neoplas-
tic cells, ®®Ga FAPI PET/CT appears to offer greater sensitivity
than '8F-FDG PET/CT, especially for detecting small lesions or
those with low or heterogeneous glucose metabolism.

The limited sensitivity of ®F-FDG PET/CT may be attributed not
only to the low-grade nature of ILC but also to its pathogenetic char-
acteristics. E-cadherin, a calcium-dependent transmembrane protein
responsible for maintaining tissue integrity and cell-to-cell adhesion
while preventing tissue invasion (29), is absent in approximately
85% of cases of ILC. This absence leads to a loss of adhesion pro-
teins and disrupts the morphologic pattern, resulting in tumor cells
that are individually dispersed or arranged in a single-file pattern,
loosely distributed throughout a fibrous matrix with minimal desmo-
plastic response (30). Additionally, the tumor-infiltrating lymphocyte
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FIGURE 4. Maximum-intensity projection '®F-FDG PET (left) and ®%Ga-
FAPI PET (right) images (A), axial hybrid '®F-FDG PET/CT (left) and ®%Ga-
FAPI PET/CT (right) images (B and C), and axial CT images (D) of 42-y-old
patient with right ILC. (A and B) Although '®F-FDG PET/CT showed no sig-
nificant activity in right breast lesion (white arrows), ®Ga-FAPI PET/CT
revealed substantial uptake. Dashed arrow in right panel A indicates liver
lesion, whereas solid arrow indicates primary lesion. (C and D) In addition,
liver lesion with vague borders on CT images (arrows) had no significant
"8F-FDG uptake but exhibited high ®3Ga-FAPI uptake, confirmed as breast
cancer metastasis through MRI, indicating stage IV disease. SUVbw =
body-weight SUV.

rate is typically low. Theoretically, the unique nature of ILC may
reduce the sensitivity of '8F-FDG PET/CT because of the dispersion
of glucose-intensive tumor tissue; however, this may not affect the
effectiveness of ®3Ga-FAPI PET/CT.

Although the benefits of ®®Ga-FAPI PET/CT have been demon-
strated in numerous studies involving small patient cohorts (37), it
is not yet routinely recommended by national guidelines because
of the lack of high-level evidence. Initially, Komek et al. con-
ducted a prospective study on 20 patients with breast cancer,
demonstrating that the sensitivity and specificity of *3Ga-FAPI
PET/CT in detecting primary breast lesions were 100% and
95.6%, respectively. In comparison, the sensitivity and specificity
of "8F-FDG PET/CT were 78.2% and 100%, respectively (25).
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TABLE 3
Comparison of Lesion Number on '®F-FDG PET/CT and ®8Ga-FAPI PET/CT According to Location

New malignant

Total lesions

Coherent malignant

Lesion location lesions* lesions® Benign lesions*  '8F-FDG PET/CT  ®8Ga-FAPI PET/CT
Primary breast 19 25 0 25 34
Local/distant lymph 34 6 94 100 134

node metastasis
Liver metastasis 3 0 0 3
Bone metastasis 209 264 0 264 473
Total 265 295 94 389 644

*Number of new malignant lesions detected on ®8Ga-FAPI PET/CT in line with reference standard.
TNumber of malignant lesions detected on both PET/CT modalities in line with reference standard.
*Number of lesions detected on both PET/CT modalities and concluded to be benign according to reference standard.

Subsequently, Elboga et al. conducted a retrospective study on
48 invasive breast cancer patients, revealing that ®®Ga-FAPI
PET/CT detected a higher number of primary breast lesions
and new metastatic lesions with higher uptake values than did
8F_FDG PET/CT (26). The effectiveness of '8F-FDG PET/CT
was decreasing, especially in the ILC subtype, highlighting the
need for a more effective imaging method, particularly in this
patient group. In a prospective study by Algin et al., which
included 11 cases of ILC (32), patients with low avidity as deter-
mined by '8F-FDG PET/CT scans were examined. The study
found that ®®Ga-FAPI PET/CT yielded higher sensitivity and
higher SUV,.x than did '8F-FDG PET/CT in breast cancer
patients with low '3F-FDG affinity. Additionally, %®Ga-FAPI
PET/CT identified additional lesions in the primary region, lymph
nodes, and 1 lung metastatic nodule. Another prospective pilot

trial involving 7 ILC patients with disease that was not '*F-FDG—
avid indicated that “®Ga-FAPI PET/CT detected an increased num-
ber of lesions compared with CT alone (P = 0.022) (27).

Examining these studies reveals a lack of specificity and limited
patient numbers within the ILC subgroup. Therefore, our retrospec-
tive study comparing **Ga-FAPI PET/CT with '8F-FDG PET/CT
in ILC patients holds significance for data accumulation and knowl-
edge expansion. With a larger patient cohort than other studies, our
findings show that °®Ga-FAPI PET/CT detected more lesions and
exhibited high tumor-to-background uptake ratios. Regardless of
pathologic features, new lesions in the primary breast, local or dis-
tant lymph nodes, bone, and liver were found in 73.9% of patients
using ®®Ga-FAPI PET/CT compared with '3F-FDG PET/CT.

We studied 44 breast lesions, with only 2 having a size less than
8 mm. Although all lesions likely showed '3F-FDG PET/CT uptake

TABLE 4
Comparison of TNM Classifications and Anatomic Stage Groups Between 2 Modalities

Category Stage 8F_FDG PET/CT %8Ga-FAPI PET/CT Upstaging
T (n = 25) T1 4 (16.0) 4 (16.0) 0
T2 15 (60.0) 15 (60.0)
T3 1 (4.0) 1 (4.0)
T4 1 (4.0 1(4.0)
Tx 4(16.0) 4 (16.0)
N (n = 25) NO 2 (88.0) 13 (52.0) 9 (36.0)
N1 2 (8.0) 11 (44.0)
N3 14.0) 14.0)
M (n = 23) MO 4 (60.9) 11 (47.8) 3 (13.0)
M1 9 (39.1) 12 (52.2)
Anatomic stage group (n = 23) 1A 1(4.4) 0 7 (30.4)
1A 1(47.8) 7 (30.4)
1B 1 (4.4) 3 (13.0)
1B 14.4) 14.4)
vV 9 (39.1) 12 (52.2)
Data are number followed by percentage in parentheses.
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FIGURE 5. Maximum-intensity projection '®F-FDG PET (left) and ®3Ga-
FAPI PET (right) images (A) and axial hybrid '®F-FDG PET/CT (left) and
58Ga-FAPI PET/CT (right) images (B and C) of 68-y-old patient with left
ILC. (A and B) Notable difference in uptake between '®F-FDG PET/CT and
58Ga-FAPI PET/CT was observed in left breast lesion (solid arrow). Multi-
ple disseminated focal uptakes (dashed arrows) corresponding to pre-
dominantly ®8Ga-FAPI-avid bone lesions were detected, including in
calvarium and vertebral column. (B and C) Most bone lesions (arrows)
showed osteolytic features in both '®F-FDG PET/CT and %®Ga-FAPI
PET/CT, with high ®®Ga-FAPI avidity. SUVbw = body-weight SUV.

regardless of size, ®*Ga-FAPI PET/CT identified 19 additional foci.
MRI is more specific for primary breast lesions; however, **Ga-
FAPI PET/CT, though not a replacement, has demonstrated superi-
ority over '®F-FDG PET/CT in previous studies.

Both '"8F-FDG PET/CT and °®Ga-FAPI PET/CT consistently
assessed tumor sizes in various T categories, showing agreement
in primary tumor evaluation. Despite differences in N category
analysis, *®Ga-FAPI PET/CT exhibited higher sensitivity, leading
to a 36% upstaging from NO cases initially identified by '*F-FDG
PET/CT. Although overall M category results were comparable,
%8Ga-FAPI PET/CT revealed a 13% upstaging rate, detecting addi-
tional metastatic lesions. This has significant implications for treat-
ment planning and prognosis assessment. Anatomic stage group
analysis highlighted nuanced diagnostic capabilities, especially
reclassifying regional diseases from stage III to IV in 3Ga-FAPI
PET/CT compared with '®F-FDG PET/CT.

In our study a moderately significant positive correlation was
identified between the peritumoral lymphocyte ratio and the
ratio of %8Ga-FAPI PET/CT to '8F-FDG PET/CT (r = 0.498;
P = 0.026). In a translational study conducted by Costa et al. (33),
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distinct subsets of CAFs within breast cancer were identified and
labeled as CAF-S1 through CAF-S4, and CAF-S1 fibroblasts were
associated with the infiltration of FOXP3+ T lymphocytes in
breast cancer cases. In line with these findings, the observed corre-
lation between peritumoral lymphocyte infiltration and FAPI
involvement suggests that this connection could potentially serve
as an indicative measure of FAP’s function within immune
modulation.

In addition to its success in detecting primary lesions, **Ga-
FAPI PET/CT also excelled in detecting lymph node uptake. Our
study showed that ®3Ga-FAPI PET/CT identifies axillary lymph
node metastases more effectively than '®F-FDG PET/CT does.
Despite morphologic suspicions in 'F-FDG PET/CT, 89.5%
of nodes with a short diameter of 8 mm or less did not exhibit
8F_FDG uptake. Unlike '8F-FDG, °3Ga-FAPI uptake displayed
a weak correlation with lymph node size, suggesting size-
independent uptake.

Consistent with the studies mentioned previously, *3Ga-FAPI
PET/CT appeared to be superior to '®F-FDG PET/CT in detecting
distant metastases in our study (25-27,32).

Eshet et al. conducted a prospective pilot trial that indicated
that ®Ga-FAPI PET/CT detected more lesions than CT alone
(P = 0.022) in 7 ILC patients whose disease was not '*F-FDG—
avid (27). A notable aspect of this study is that metastatic or pro-
gressing sites were poorly demonstrated not only by '|F-FDG
PET/CT but also by conventional CT and bone scans. This
suggests that secondary imaging methods may be inadequate for
recognizing the ILC subtype. Furthermore, in this case series,
%8Ga-FAPI PET/CT revealed more extensive skeletal disease,
aligning with our findings.

In the present study, the number of bone metastases was
increased on ®*Ga-FAPI PET/CT compared with '*F-FDG PET/CT
in 7 of 8 patients (87.5%). The mean ®3Ga-FAPI uptake for bone
metastasis was significantly higher than the mean '8F-FDG uptake
(P = 0.017; z = 2.380).

We found 3 liver metastases missed by '*F-FDG PET/CT but
detectable with °®Ga-FAPI PET/CT. Building on our previous
research (26), we argue that ®*Ga-FAPI PET/CT, with its low liver
background activity, enhances liver metastasis detection, evident
in the high tumor-to-background uptake ratios.

Despite **Ga-FAPI PET/CT’s capability to reveal new breast
lesions, their significance should be confirmed histopathologically
or considered primary on the basis of MRI results. The primary
value of ®®Ga-FAPI PET/CT lies in detecting regional lymph node
and distant metastases, especially when other imaging modalities
such as ultrasound, CT, and bone scintigraphy may be insufficient
for primary breast lesions.

There are limited studies, as mentioned earlier, comparing
%8Ga-FAPI PET/CT and '8F-FDG PET/CT head to head, and these
studies include only a low number of ILC patients (27,32). Our
study, with the highest number of ILC cases to our knowledge,
offers a comprehensive comparison between '*F-FDG and %®Ga-
FAPI PET/CT, making a unique contribution to the literature. It
highlights the ability of ®Ga-FAPI PET/CT to lower false-
negative rates compared with '*F-FDG PET/CT.

Although our case number was relatively high compared with
the limited studies on this subject in the literature, our main limita-
tion is the relatively low case count. Other important limitations
include the lack of a prospective randomized study design and the
absence of histopathologic confirmation for all metastatic lesions,
excluding primary breast lesions and target lesions.
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CONCLUSION

Our study contributes to the evidence supporting **Ga-FAPI

PET/CT’s utility in ILC, including staging. Nuanced differences,
especially in lymph node involvement and metastatic lesion detec-
tion, underscore its complementary role with '8F-FDG PET/CT.
These insights can inform clinical decisions, providing a more
comprehensive understanding of disease extent and refining treat-
ment strategies for breast cancer patients. Larger-cohort studies
are needed to validate and build on these initial findings.
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KEY POINTS

QUESTION: Is ®8Ga-FAPI PET/CT a more useful imaging method
than '®F-FDG PET/CT in ILC?

PERTINENT FINDINGS: In this cohort study examining 23 women
with ILC, ®Ga-FAPI PET/CT appeared to be superior to '®F-FDG
PET/CT in showing the primary lesion and metastases of the
lymph nodes and other organs.

IMPLICATIONS FOR PATIENT CARE: ®8Ga-FAP| PET/CT might
become a viable alternative to '®F-FDG PET/CT based on the
outcomes of future studies involving larger patient cohorts.
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An "®F-FDG PET/CT and Mean Lung Dose Model to Predict
Early Radiation Pneumonitis in Stage III Non—Small Cell
Lung Cancer Patients Treated with Chemoradiation and

Immunotherapy

Maria Thorl, Chen Leel, Lian Sunl, Purvi Patell, Aditya Aptel, Milan Grkovskil, Annemarie F. Shepherdz,
Daphna Y. Gelblum?, Abraham J. Wu?, Charles B. Simone II?, Jamie E. Chaft’, Andreas Rimner?, Daniel R. Gomez?,

Joseph O. Deasy', and Narek Shaverdian®

IDepartment of Medical Physics, Memorial Sloan Kettering Cancer Center, New York, New York; ZDepartment of Radiation Oncology,
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Center, New York, New York

Radiation pneumonitis (RP) that develops early (i.e., within 3mo)
(RPeany) after completion of concurrent chemoradiation (CCRT) leads
to treatment discontinuation and poorer survival for patients with
stage lll non-small cell lung cancer. Since No RPg,yy, risk model exists,
we explored whether published RP models and pretreatment '8F-
FDG PET/CT-derived features predict RPg,y,. Methods: One hundred
sixty patients with stage Ill non-small cell lung cancer treated with
cCRT and consolidative immunotherapy were analyzed for RPgapy.
Three published RP models that included the mean lung dose (MLD)
and patient characteristics were examined. Pretreatment '®F-FDG
PET/CT normal-lung SUV featured included the following: 10th per-
centile of SUV (SUVp1g), 90th percentile of SUV (SUVpgg), SUVmax,
SUVpeans Minimum SUV, and SD. Associations between models/
features and RPg.y, were assessed using area under the receiver-
operating characteristic curve (AUC), P values, and the Hosmer-
Lemeshow test (pHL). The cohort was randomly split, with similar
RPg.y rates, into a 70%/30% derivation/internal validation subset.
Results: Twenty (13%) patients developed RPg.q,. Predictors for
RPgany were MLD alone (AUC, 0.72; P = 0.02; pHL, 0.87), SUVp1,
SUVpgo, and SUVmean (AUC, 0.70-0.74; P = 0.003-0.006; pHL, 0.67-
0.70). The combined MLD and SUVpgg model generalized in the vali-
dation subset and was deemed the final RPgaq, model (RPgany risk =
1/[1+e™; x = —6.08 + [0.17 X MLD] + [1.63 X SUVpg)). The final
model refitted in the 160 patients indicated improvement over the
published MLD-alone model (AUC, 0.77 vs. 0.72; P = 0.0001 vs. 0.02;
pHL, 0.65 vs. 0.87). Conclusion: Patients at risk for RPg4q, can be
detected with high certainty by combining the normal lung’s MLD and
pretreatment '8F-FDG PET/CT SUVpgo. This refined model can be
used to identify patients at an elevated risk for premature immunother-
apy discontinuation due to RPg,, and could allow for interventions to
improve treatment outcomes.

Key Words: immunotherapy; non-small cell lung cancer; PET/CT;
pneumonitis; radiation
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The addition of immune checkpoint blockade (ICB) consolida-
tion therapy after concurrent chemoradiation (cCRT) in patients
with locally advanced non—small cell lung cancer (NSCLC) has
significantly improved survival and represents the current standard
of care (/-3). The ICB consolidation therapy is administered intra-
venously over 1y and has led to a 3-fold increase in the median
progression-free survival and a 10% absolute increase in the 5-y
overall survival compared with the prior cCRT alone standard of
care (4). However, ICB consolidation therapy has also been found
to increase the incidence of symptomatic pneumonitis (/,5,6).
Before the use of ICB consolidation, radiation pneumonitis (RP)
would result in morbidity but was rarely associated with poor sur-
vival. However, the development of RP is increasingly important
since it can now lead to the premature discontinuation of ICB con-
solidation therapy before the planned 1y and is thereby associated
with poorer survival (3,7). Furthermore, early RP (i.e., developing
=3 mo after completion of cCRT; RPg,y,) has recently been sug-
gested as the most critical toxicity, as it can lead to a markedly
insufficient duration of ICB therapy (7,8).

Models to predict the risk of RP have been developed to guide
radiation therapy (RT) planning and inform patient counseling, but
these models have been derived from patients treated with cCRT
alone, and the models further underestimate the rate of RP in
patients treated with cCRT and ICB (6). This is largely due to the
higher rate of RP with the addition of ICB consolidation (6) but is
also due to the limited ability of these models to accurately predict
patients with RP even after cCRT alone (9). Given the increased use
of ICB consolidation therapy and a growing number of strategies to
use immunotherapy agents with cCRT (10), models that accurately
estimate the risk of RP in the era of ICB therapy are warranted. In
cohorts treated with cCRT alone, pretreatment '*F-FDG PET/CT
imaging features are associated with increased RP risk (/7). In non-
cancerous patients, such features have been indicative of pulmonary
inflammation and hypothesized to be related to the density and acti-
vation of inflammatory immune cells in the lung (12,13).

There are currently no RP risk models specifically developed
for RPg,y. In this study, we hypothesized that incorporating pre-
treatment '8F-FDG PET/CT features with RT dose would yield
risk models able to successfully identify patients with an exacer-
bated risk of this new critical toxicity, RPgqy.
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MATERIALS AND METHODS

Cohort

In total, 178 patients who had locally advanced NSCLC and were
consecutively treated with cCRT and durvalumab between May 2017
and December 2021 at a multisite tertiary cancer center were
reviewed, and the 160 patients with pretreatment '*F-FDG PET/CT
scans available were included in this study. Patients avoided strenuous
exercise for more than 24h—and fasted for 6 h—before '|F-FDG
injection. The required blood sugar level was less than 200 mg/dL.
After 'F-FDG administration, the patients were instructed to rest qui-
etly in the injection room. Before the study, the patients were asked to
void the urinary bladder. '®F-FDG PET/CT was performed according
to institutional guidelines, which are based on the joint European
Association of Nuclear Medicine/Society of Nuclear Medicine and
Molecular Imaging/European Society for Radiotherapy and Oncology
practice recommendations for the use of 'SF-FDG PET/CT for
external-beam treatment planning in lung cancer (/4). The PET/CT
scans were acquired in 3 dimensions on a Discovery 690 or 710
PET/CT (GE Healthcare Inc.) (/5). Patients were positioned on a flat
RT tabletop. Whole-body PET acquisitions commenced about 60 min
after administration of approximately 480 MBq of '8F-FDG, at
3 min/bed position. All PET emission data were corrected for attenua-
tion, scatter, and random events and were iteratively reconstructed into
a 128 X 128 X 47 matrix (voxel dimensions, 5.47 X 5.47 X 3.27 mm)
using an ordered-subset expectation maximization algorithm (2 itera-
tions, 16 subsets) incorporating time-of-flight and point-spread func-
tion modeling. A gaussian postprocessing filter of 6. 4mm in full
width at half maximum was also applied. Respiratory motion correc-
tion was not performed.

Patients were prescribed 60 Gy in 2-Gy fractions concurrent with
platinum doublet chemotherapy (6,/6). Durvalumab consolidation was
initiated at a median of 1.4mo after cCRT completion (Table 1). All
patients had standard follow-ups after treatment, with a history, physi-
cal examination, and chest CT scan being obtained every 3 mo for the
first 2y. RP of grade 2 or higher was defined as a patient’s having
worsening pulmonary symptoms, including dyspnea or cough not
attributable to other causes, within 12mo from the completion of
cCRT and having CT-based imaging changes within the irradiated
field (5,17). Three RP endpoints were studied: 3 mo after completion
of cCRT (RPgyyy), more than 3 mo after completion of cCRT (RPyy)
(Table 2), and the combination thereof (RPgariy + 1 ate), Which is the def-
inition that has traditionally been used. Patients with clinical and
imaging characteristics consistent with RP were retrospectively
assessed for their clinical course of RP, and RP grading was based on
the Common Terminology Criteria for Adverse Events, version 5.0.
This retrospective study was completed under an institutional review
board—approved protocol.

Modeling

Applying Published Risk Models to RPg,.,. In our previous
work (17), which focused on RP in the thorax after any type of ICB, 3
published RP models were identified and explored: QUANTEC mean
lung dose (MLD) alone (/8); MLD, age, obstructive lung disease,
smoking status, and tumor location (/9); and MLD, age, and obstruc-
tive lung disease (9). The MLD was extracted for the total normal
lung (excluding the tumor) and converted to an equivalent dose in
2-Gy fractions, assuming 3 Gy for the fractionation sensitivity parame-
ter o/ (EQD23) (18); the other model parameters were extracted
from the medical records. Each published model’s coefficients were
applied to the corresponding parameters (with no refitting). Model
suitability was assessed both as calibration via the Hosmer-Lemeshow
test (pHL; ideal value, 0.50) and as discrimination via the area under
the receiver-operating characteristic curve (AUC; ideal value, 1.00)
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and P value (ideal value, 0). Each of the 3 published models was also
studied for association with RPy 4 in addition to RPgaiy + Late-

Integrating '8 F-FDG PET/CT Features with Published Risk
Models for RPpg,,;,. To obtain 18F_FDG PET/CT features, the normal
lung in the planning CT scan was propagated onto the low-dose CT
scan using Plastimatch routines for b-spline-based deformable image
registration within the computational environment for RT research (20).
All propagated normal-lung contours were quality-controlled to limit the
influence of registration uncertainties. The SUV was normalized with
respect to the body mass. Since most second-order histogram lung '8F-
FDG PET/CT features have previously been found to be nonreproduci-
ble across reconstruction algorithms (2/-24), only first-order histogram
features of the SUV were extracted: 10th percentile of SUV (SUVp,(),
90th percentile of SUV (SUVpog), SUV 1ax, SUVinean, minimum SUV,
and SD. These features adhered to the Image Biomarker Standardization
Initiative (25) and were automatically extracted using the radiomics tool-
box of the computational environment for RT research (26).

A TRIPOD type 2b model (27) was generated in which the 160-
patient cohort was randomly split, but with similar RPg,y and RPy 4
rates, into a 112-patient subset (70%) used to build the model. The
remaining 48-patient subset (30%) was used for internal validation of
the built model. During model building, each feature was univariately
associated with RPg,y using logistic regression with bootstrap resam-
pling (repeated over 1,000 samples), and a candidate predictor was
indicated by a P value of less than 0.05. The model parameters in the
published models that were found to significantly predict RPgyyy were
refitted to the training data, and a new multivariate model was built
with the published model parameters and the '*F-FDG PET/CT pre-
dictors. Again, the pHL, AUC, and P values were used to assess
model suitability but now of the new combined '*F-FDG PET/CT and
published model parameters.

RESULTS

Patient Treatment and RP Characteristics

In total, 38 (24%) of the 160 evaluated patients developed RP at
a median of 3 mo (range, 1-9 mo) from cCRT completion (Table 1),
initiated durvalumab significantly earlier than patients without RP
(median, 41 vs. 45 d; P = 0.03; Table 1), and were initiated on ste-
roid therapy. Twenty-four (63%) of the 38 patients with RP had
resolution or near resolution of RP symptoms 3mo from onset
(Table 2), and of these, 6 (16%) patients were rechallenged with
durvalumab, whereas the remaining patients permanently discontin-
ued durvalumab.

Of the 38 patients who experienced RP, 20 (53%) patients did
s0 as RPg,, and the remaining 18 (47%) as RPy . (Supplemental
Table 1). Among patients with RPgyy, 10 (50%) remained on
steroids 3mo from symptom onset and the remaining 10 (50%)
had resolution or near resolution of RP symptoms. Additionally, 4
(20%) patients with RPg,q, were rechallenged with durvalumab
(Table 2). The appearance of RP on the diagnostic CT scan along
with the corresponding treatment planning CT scan to illustrate
the RT field is given in Supplemental Figure 1 (supplemental
materials are available at http://jnm.snmjournals.org) for 1 repre-
sentative patient who developed RPg,q, and 1 representative
patient who developed RPp ,.

Assessment of Published RP Models in Predicting RPg,y
Among the 3 published models tested, only the QUANTEC
MLD-alone model (/8) significantly predicted RPg,, (AUC,
0.72; P = 0.02; pHL, 0.87; Fig. 1A); the other 2 models (9,19) did
not (AUC, 0.62, 0.62; P = 0.10, 0.57). Refitting the MLD model
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TABLE 1
Patient Characteristics

Characteristic No RP (n = 122) RP (n = 38) P*
Age (y) 67 (49-84) 73 (45-86) 0.10
Sex
Female 48 (39) 17 (45) 0.56
Male 74 (61) 21 (55)
Smoking history
Ever 119 (98) 35 (92) 0.13
During RT 13 (11) 0 (0) 0.04
Performance status
ECOG 0 65 (53) 19 (50)
ECOG 1 57 (47) 19 (50) 0.73
AJCC eighth overall stage
A 31 (25) 10 (26) 0.20
1B 74 (61) 16 (42)
lnc 17 (14) 12 (32)
Diagnosed lung disease
Yes 34 (28) 33 (87) 0.18
COPD 33 (27) 15 (39)
Asthma 1(1) 2 (5)
Diabetes mellitus 27 (22) 9 (24) 0.84
Histology
Adenocarcinoma 68 (56) 26 (68) 0.14
Squamous cell 41 (34) 11 (29)
Other 13 (11) 1)
PDL1 expression
<1% 39 (32) 13 (34) 0.83
=1%-49 26 (21) 8 (21)
=50% 31 (25) 11 (29)
Unknown 26 (21) 6 (16)
Chemotherapy regimen
Carboplatin/paclitaxel 56 (46) 15 (39) 0.61
Carboplatin/pemetrexed 32 (26) 12 (32)
Cisplatin/pemetrexed 22 (18) 7 (18)
Cisplatin/etoposide 10 (8) 4 (11)
Other 2 (2 —
Days from cCRT end to Durvalumab start 45 (10-234) 41 (13-82) 0.03

*Wilcoxon rank-sum test comparing characteristics between pat
ECOG = Eastern Cooperative Oncology Group; AJCC = Americ.
pulmonary disease; PDL1 = programmed cell death ligand 1.

ients with and without RP.
an Joint Committee on Cancer; COPD = chronic obstructive

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

improved calibration (pHL, 0.65 vs. 0.87). At the National Com-
prehensive Cancer Network, MLD of 20 Gy or less (MLD EQD23
= 15QGy), the predicted risk of RPg,, was 20%. To explore the
feasibility of reducing MLD beyond this guideline, 9 of 20
patients with RPg,, were randomly selected for replanning of
their RTs. Three treatment planners specializing in thoracic can-
cers each replanned 3 patients intending to maximally reduce

522

MLD without compromising any other clinical treatment planning
criteria. The MLD could be further reduced in all patients and to a
median of 12 EQD2; Gy (range, 8-15 Gy in EQD2;), compared
with the original 13 EQD2; Gy (range, 9-16 EQD23; Gy), with
individual differences ranging from 0.2 to 2.8 EQD2; Gy. This
MLD reduction resulted in a 1%—6% decrease in predicted RPgyy1y
(Fig. 2).
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TABLE 2

Data for 38 Patients in Whom RP Developed

cCRT Durvalumab  CTCAE Persistent RP Rechallenged with
end (mo) start (mo) grade RP treatment course symptoms at 3 mo durvalumab
1.3 0.8 S Hospitalized, oxygen, steroid taper No No
1.4 0.1 2 Steroid taper and antibiotics No Yes
1.5 0.1 S Hospitalized, oxygen, steroid taper Yes, remains on steroids No
1.6 0.4 2 Steroid taper Yes, remains on steroids No
1.7 1.0 3 Hospitalized, oxygen, steroid taper No No
2.0 0.3 2 Steroid taper and antibiotics Yes, remains on steroids No
2.2 1.1 8 Hospitalized, oxygen, steroid taper Yes, remains on steroids No
2.2 1.8 2 Steroid taper and antibiotics No Yes
23 0.5 2 Steroid taper No No
23 0.9 2 Steroid taper No No
2.5 0.9 2 Steroid taper and antibiotics No No
2.5 1.0 2 Steroid taper Yes, remains on steroids No
2.7 1.3 3 Hospitalized, oxygen, steroid taper Yes, remains on steroids No
3.0 2.1 3 Hospitalized, steroid taper Yes, remain on steroids No
3.2 2.5 & Steroid taper and antibiotics Yes, remains on steroids, No
in pulmonary rehab
3.3 1.6 2 Steroid taper and antibiotics Yes, remains on steroids No
3.3 2.4 2 Steroid taper and antibiotics No No
3.3 2.6 2 Steroid taper and antibiotics Yes, remains on steroids Yes
3.4 2.8 2 Steroid taper and antibiotics No No
3.5 2.8 3 Steroid taper, supplemental oxygen No No
3.7 1.9 2 Steroid taper No No
3.8 2.3 2 Steroid taper No Yes
3.8 2.5 3 Hospitalized, oxygen, steroid taper Yes, remains on steroids No
3.9 15 3 Hospitalized, oxygen, steroid taper No No
3.9 2.3 3 Hospitalized, oxygen, steroid taper No No
4.5 3.0 2 Steroid taper Yes, remains on steroids No
4.5 3.9 3 Hospitalized, oxygen, steroid taper Yes, remains on steroids No
and oxygen

4.8 3.0 2 Steroid taper No Yes
5.7 4.8 2 Steroid taper No No
5.9 4.5 2 Steroid taper and antibiotics No No
5.9 4.6 2 Steroid taper No No
6.5 5.3 3 Hospitalized, oxygen, steroid taper Yes, remains on steroids No
6.8 4.9 2 Steroid taper No No
8.0 6.4 2 Steroid taper and antibiotics No No
8.4 7.8 2 Steroid taper No No
8.7 6.0 2 Steroid taper No No
9.0 8.1 2 Steroid taper No No

CTCAE = Common Terminology Criteria for Adverse Events.

Improved Ability to Correctly Identify RPg,,y by Integrating
18F.FDG PET/CT with MLD

Among all patients, the median SUV .., and SUV ., were
0.65 (range, 0.03—1.9) and 10 (range, 0.09-27), respectively. With
similar magnitudes of association, SUV ycan, SUVpi0, and SUVpgq

EARrRLY RADIATION PNEUMONITIS MODEL FOR NSCLC

significantly predicted RPg,i, (AUC, 0.65-0.66; P = 0.003-
0.006; pHL, 0.67-0.70). These 3 '8F-FDG PET/CT features were
all strongly intercorrelated (Spearman’s tho = 0.95). Therefore,
bivariate models between MLD and each of these features were
built. All bivariate models significantly predicted RPg,qy in the
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FIGURE 1. (A) Dose-response curve for QUANTEC’s MLD model (78)

(dotted line) applied to RPg,ny and refitted MLD model for RPg,y, (solid
line) in 160-patient cohort. Observed data are aggregated in quintiles (yel-
low; error bars: 95% binomial Cls), in addition to each observation strati-
fied by RPgany status. (B) Predicted dose-response curve combining MLD
with SUVpg in 160-patient cohort; observed data are aggregated as quin-
tiles (yellow; error bars: 95% binomial Cls), in addition to each observation
stratified by RPgqy Status.

derivation subset (AUC, 0.79-0.80; P = 0.0005-0.0008; pHL,
0.61-0.64), whereas only the model including MLD and SUVpq,
generalized in the internal validation subset (AUC, 0.65, P =
0.03, pHL, 0.96). This model was, therefore, considered final.
Thereafter and only to obtain model coefficients, the final model
was refitted to the entire cohort (AUC, 0.77, P = 0.0001, pHL,
0.65; Fig. 2); the risk of RPgyyy is given by the following logistic
function equation: RPg,q, risk = 1/[1+e7Y]; x = —6.08 + [0.17 X
MLD] + [1.63 X SUVpgg]. In the riskiest model quintile, MLD and
SUVpgo were 15 Gy and 1.51 (Fig. 1B: the rightmost bin), whereas
in the least risky quintile, they were 6.7 Gy and 0.89 (Fig. 1B: the
leftmost bin). The median SUVpgy among patients with RPg,y, was
1.2 (range, 0.8-2.4), compared with 1.0 (range, 0.05-2.8) for
patients without RPg,,. According to the bivariate MLD and
SUVpgy model, the risk of RPg,, varies for MLDs of similar mag-
nitude. For example, an MLD of 13 Gy is associated with a risk of
RPgqy varying from 8% to 17% depending on a patient’s distribu-
tion of SUVpqg (Fig. 3).
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FIGURE 2. Predicted RPg,, based on refitted MLD model alone for ran-
dom 9-patient subset with RPgaq, in which replanning was performed.
Each color represents each patient, and rightmost circle is MLD from origi-
nal treatment plan; leftmost circle is MLD from replanning procedure. Pop-
ulation median MLD before and after replanning is denoted by larger
circles (right: MLD from original plan; left: MLD after replanning).
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FIGURE 3. Midcoronal slices of highest SUVpgy voxelwise distribution
maps for 9-patient subset that developed RPg.i, and were randomly
selected for MLD-sparing replanning. MLD EQD2; is inserted for each
patient in upper right corner.

No Risk Model Established for RP 4tc

None of the 3 published models (AUC, 0.44-0.52; P = 0.50—
0.69; pHL, 0.85-0.99) or any of the 6 '*F-FDG PET/CT features
(AUC, 0.55-0.60; P = 0.14-0.58; pHL, 0.71-0.73) predicted
RPp 4. Similarly, no published model significantly predicted
RPgaiy+Late (AUC, 0.55-0.60; P = 0.07-0.98; pHL, 0.99-1.00),
but all SUV parameterizations except SUV ., were significantly
associated with RPgyy+paee (AUC, 0.64-0.67; P = 0.006-0.01;
pHL, 0.64-0.66), which was likely driven by the stronger associa-
tion between SUV features and RPg,y.

DISCUSSION

RPgyy in patients with locally advanced NSCLC can lead to
the premature discontinuation of life-prolonging ICB consolidation
therapy. To date, no risk prediction models have been tested for, or
specifically tailored to, RPg,y. Herein, we present a novel model
that combines the MLD with SUVpq, of the normal lung from pre-
treatment '8F-FDG PET/CT, which leads to an improved ability to
identify the risk of RPg,q, over using MLD alone (AUC, 0.72 vs.
0.77). Thus, these results suggest that patients at high risk of RPgyy
could be identified by assessing the pretreatment SUVpg,, which
could thereby inform patient-specific treatments lowering the MLD
to further mitigate RPg,y. Importantly, the MLD was found to pre-
dict RPg,yy but not RPp ., suggesting that the risk of RPg,yy, the
most consequential RP in the setting of cCRT and ICB, can be
directly mitigated and modified by limiting the MLD of the normal
lung.

There is an increased risk of RP in patients who have locally
advanced NSCLC treated with cCRT and ICB consolidation ther-
apy compared with cCRT alone (5,28,29), with about 25% of
patients treated with cCRT and ICB consolidation therapy
expected to develop RP. However, only recently have data
emerged that early discontinuation of ICB consolidation because
of RP is associated with poorer survival and disease control (6-8).
We have shown that RP models derived from patients treated with
cCRT alone widely underestimate the rate of RP in patients treated
with cCRT and ICB consolidation (5). Although there have been
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reports of specific RT dose—volume histogram metrics being asso-
ciated with the risk of RP in patients treated with ICB consolida-
tion (30,31), these studies have been limited by a small number of
patients, leading to inconclusive, conflicting results. Without
dose—volume histogram guidelines derived for patients receiving
c¢CRT and ICB consolidation therapy, RT planning and delivery to
limit the risk of RP, particularly RPgqyy, are suboptimal. All 3
published RP models explored here focused on RP prior to the
introduction of ICB consolidation (9,/8,19). Interestingly, the
QUANTEC MLD model (/8) was found to be associated with
RPgqariy (AUC, 0.72; P = 0.04). The model (/9) that in addition to
MLD included age, chemotherapy, obstructive lung disease, smok-
ing status, and tumor location did not predict RPg,y (AUC, 0.62;
P = 0.57), and neither did the model (9) that included MLD, age,
and obstructive lung disease (AUC, 0.62; P = 0.10). Taken
together, the inability of published models that include patient
characteristics to predict RPg,yy in patients treated with cCRT and
ICB consolidation therapy motivates the need to identify other rel-
evant characteristics to improve the ability to accurately capture
RPg,py. After thorough model building, the final model generated
here that combined SUVpgy with MLD had an improved ability to
predict RPg,,, over using MLD alone.

The normal-lung SUV from '8F-FDG PET/CT has previously
been found to be elevated among patients with chronic obstructive
pulmonary disorder (32) and to be associated with inflammation in
acute lung injury (/3). The underlying mechanisms of a high SUV
in the normal lung have been hypothesized to be attributed to
increased density and baseline activation of inflammatory immune
cells, as their activation is characterized by increased glucose utili-
zation leading to an increased SUV. Since RP is a consequence of
radiation injury and is characterized by increased infiltration of
inflammatory cells (33), baseline SUVpg, could be an estimate
of the degree of pretreatment lung inflammation and, therefore,
possibly associated with increased susceptibility toward RP. In
this study, we demonstrated that our RPg,4, model can allow for
patient-specific thoracic RT planning to minimize RPg,,, and ICB
discontinuation. Depending on the patient-specific pretreatment
SUVpgg, the same MLD is associated with a wide risk range of
RPgqy. In addition, this study indicated that MLD can be further
optimized by replanning the RT, which we did for a random
9-patient subset: We demonstrated that the original MLD could be
reduced in all patients by 0.2-2.8 EQD2; Gy and from a median
of 13 EQD2; Gy (range, 9-16 EQD2; Gy) to a median of 12
EQD2; Gy (range, 8-15 EQD2; Gy). This resulted in an RPgyyy
predicted risk reduction of 1%—6% and from a median of 15%
(range, 8%—24%) based on the original MLD to 13% (range, 7%—
21%) based on the replanned MLD. Reducing the rate of RPg,y
beyond this would likely require more conformal treatment modal-
ities including particle therapy.

This study provided critical information to guide RT planning
and potential risk stratification for patients treated with cCRT and
ICB consolidation and further highlighted ideal multidisciplinary
expertise and management to optimize lung cancer care (34).
Although this was a large study including 160 patients across a
multiple-site center, the study had limitations such as a retrospec-
tive design based on patients with stage IITA-IIIC locally
advanced NSCLC, and no external validation was performed.
These aspects encourage the need for rigorous validation (9) to
assess model generalizability and thereby model applicability in
other thoracic cohorts presenting with different disease, imaging,
patient, and treatment characteristics.

EARLY RaDIATION PNEUMONITIS MODEL FOR NSCLC

CONCLUSION

Our findings demonstrate that in patients treated with cCRT and
ICB consolidation, the RT dose to the normal lungs is strongly
associated with the risk of RPg,,, the most consequential RP that
is associated with poorer survival Furthermore, we generated a
risk model for RPg,, based on the upper end of SUV (SUVpq)
of the normal lung from pretreatment '8F-FDG PET/CT together
with the associated MLD. This model identifies the risk of RPgyuy
with higher accuracy than using MLD alone and could be used to
enable patient-specific thoracic RTs specifically tailored to identify
and mitigate the risk of RPg,y in the context of cCRT and ICB
therapies. Such an approach would be anticipated to improve treat-
ment tolerability and, thereby, decrease the likelihood of disconti-
nuing ICB therapies and ultimately prolong survival.
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KEY POINTS

QUESTION: Does incorporating pretreatment '8F-FDG PET/CT
features with RT dose yield models that would successfully
identify patients with an exacerbated risk of RPgary?

PERTINENT FINDINGS: A model was derived that combines the
MLD of the normal lung with the SUVpgq of the normal lung. The
model provided an improved ability to identify RPgay, risk over
MLD alone.

IMPLICATIONS FOR PATIENT CARE: Incorporating pretreatment
SUVpg into clinical practice would enable the delivery of patient-
specific RPgary respecting RTs.
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%3Ga-FAPI-04 PET/CT in Non—Small Cell Lung Cancer:
Accurate Evaluation of Lymph Node Metastasis and
Correlation with Fibroblast Activation Protein Expression
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Fibroblast activation protein (FAP) is a promising diagnostic and thera-
peutic target in various solid tumors. This study aimed to assess the
diagnostic efficiency of ®Ga-labeled FAP inhibitor (FAPI)-04 PET/CT for
detecting lymph node metastasis in non-small cell lung cancer (NSCLC)
and to investigate the correlation between tumor ®Ga-FAPI-04 uptake
and FAP expression. Methods: We retrospectively enrolled 136 partici-
pants with suspected or biopsy-confirmed NSCLC who underwent
88Ga-FAPI-04 PET/CT for initial staging. The diagnostic performance of
88Ga-FAPI-04 for the detection of NSCLC was evaluated. The final histo-
pathology or typical imaging features were used as the reference stan-
dard. The SUVimax and SUVmean, Ga-FAPI-avid tumor volume (FTV),
and total lesion FAP expression (TLF) were measured and calculated.
FAP immunostaining of tissue specimens was performed. The correla-
tion between ®8Ga-FAPI-04 uptake and FAP expression was assessed
using the Spearman correlation coefficient. Results: Ninety-one partici-
pants (median age, 65y [interquartile range, 58-70y]; 69 men) with
NSCLC were finally analyzed. In lesion-based analysis, the diagnostic
sensitivity and positive predictive value of ®Ga-FAPI-04 PET/CT for
detection of the primary tumor were 96.70% (88/91) and 100% (88/88),
respectively. In station-based analysis, the diagnostic sensitivity, specifi-
city, and accuracy for the detection of lymph node metastasis were
72.00% (18/25), 93.10% (108/116), and 89.36% (126/141), respectively.
Tumor %8Ga-FAPI-04 uptake (SUVmax, SUVimean, FTV, and TLF) corre-
lated positively with FAP expression (r = 0.470, 0.477, 0.582, and 0.608,
respectively; all P = 0.001). The volume parameters FTV and TLF corre-
lated strongly with FAP expression in 31 surgical specimens (r = 0.700
and 0.770, respectively; both P < 0.001). Conclusion: %8Ga-FAPI-04
PET/CT had excellent diagnostic efficiency for detecting lymph node
metastasis, and %Ga-FAPI-04 uptake showed a close association with
FAP expression in participants with NSCLC.

Key Words: non-small cell lung cancer; lymph node metastasis; FAP
expression; ®8Ga-FAPI; PET/CT
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Lung cancer is the leading cause of cancer-related mortality in
men and the second-leading cause in women worldwide, with a
5-y survival rate of only 10%-33% (/). Non—small cell lung
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cancer (NSCLC) is the most common histologic type and accounts
for more than 80% of all lung cancers (2). An accurate definition
of disease extent at initial diagnosis is important for informing the
choice of treatment strategy and patient management in NSCLC.

PET/CT combining anatomic and functional imaging capabilities
can improve the staging accuracy of lung cancer compared with con-
ventional imaging (3); however, ®F-FDG, as the most commonly
used imaging agent, has some limitations. Some factors (e.g., lesion
diameter < 8—10 mm, mucinous adenocarcinoma, ground-glass nod-
ule) may lead to false-negative findings, whereas reactive lymphoid
hyperplasia, lymphadenitis, granulomatous inflammation, and tuber-
culosis can lead to false-positive findings, resulting in the misdiagno-
sis of lymph node metastasis (4,5). The identification of novel
molecular targets and development of new imaging agents are thus
critical for lung cancer evaluation (6,7).

Cancer-associated fibroblasts are an important component of the
tumor microenvironment, contributing to epithelial cell growth and
tumorigenicity and promoting tumor invasion and metastasis ().
Fibroblast activation protein (FAP) is a marker expressed specifi-
cally on the surface of cancer-associated fibroblasts. FAP inhibitors
(FAPIs), which specifically target FAP, have attracted increasing
interest, and various radiopharmaceuticals based on quinoline have
recently been developed as pan-cancer tracers with favorable char-
acteristics and good clinical application prospects (9).

Several recent studies investigating the diagnostic efficiency of
%8Ga-FAPI and '3F-FAPI PET/CT in lung cancer have achieved
initial encouraging results (10-15). %Ga-FAPI demonstrated good
staging efficiency, particularly for the detection of primary tumors
and distant metastasis (bone and pleura) (/1,12,14); however, the
diagnostic efficacy of %8Ga-FAPI for the detection of lymph node
metastasis remains uncertain because of limited histologic evidence
provided by only 2 studies (/2,14). In addition, despite the high
detection rate of lung cancer by ®®Ga-FAPI PET/CT, its usefulness
in NSCLC is also currently limited by a lack of histopathologic evi-
dence regarding tumor FAP expression level, which is crucial for
the future routine application of ®®Ga-FAPI in clinical practice. We
therefore aimed to evaluate the diagnostic performance of ®3Ga-
FAPI-04 PET/CT for the diagnosis of lymph node metastasis and
to investigate the correlation between °®Ga-FAPI-04 uptake by the
primary tumor and FAP immunostaining in NSCLC.

MATERIALS AND METHODS

Participants
This was a secondary analysis of an ongoing clinical trial at our
hospital. The study was approved by the Medical Ethics Committee of
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Zhongnan Hospital of Wuhan University and registered in ClinicalTrails.
gov (NCT05034146), and each participant signed an informed consent
form. Participants with suspected or biopsy-proven NSCLC were
enrolled for initial clinical staging from March 2021 to June 2023. The
inclusion criteria were suspected or newly diagnosed NSCLC and no
antitumor treatment before PET/CT. The exclusion criteria were no defi-
nite pathologic diagnosis, 2 or more concurrent primary tumors, small
cell lung cancer, and benign lung disease.

Details of image acquisition (/6,/7), imaging analysis (/8), and
diagnosis reference standards (/9-21) are provided in the supplemen-
tal materials (available at http://jnm.snmjournals.org).

Immunostaining of FAP and Glucose Transporter-1 (GLUT-1)

FAP expression levels in all available tissues were confirmed by
immunostaining. Paraffin-embedded tissues were cut into 4-pm sections
for hematoxylin—eosin, FAP, and GLUT-1 staining. The senior patholo-
gist observed all stained sections under a light microscope (Olympus
BX-53). The immunostaining results for FAP and GLUT-1 were scored
semiquantitatively on the basis of the intensity and proportion of positive
signal in the cytoplasm of stromal fibroblasts and cancer cells, respec-
tively. The final immunostaining scores were 0 (negative), 1 (mild), 2
(intermediate), and 3 (intense) (supplemental materials).

Statistical Analysis

Statistical analysis was performed using SPSS (version 19.0) and
GraphPad Prism (version 8). Categoric variables were presented as num-
bers with percentages, and continuous variables were presented as mean
+ SD or as median with interquartile range, according to whether the
data were normally distributed. The diagnostic efficiency of ®*Ga-FAPI-
04 for NSCLC was calculated. Independent sample ¢ tests were used to
compare 2 continuous variables with normal distributions; otherwise, the
Mann—Whitney U test was used. Diagnostic accuracy was compared
using McNemar test. The correlation between FAP expression and **Ga-
FAPI-04 uptake was analyzed using the Spearman correlation coefficient.
Multiple groups of data were compared using 1-way ANOVA. The area
under the receiver operating characteristic curve was calculated. A
2-tailed P value of less than 0.05 represented statistical significance.

RESULTS

Participant Characteristics

We retrospectively enrolled 136 participants, of whom 91 with
NSCLC with a surgery- or biopsy-proven pathologic diagnosis
were analyzed. The clinicopathologic characteristics of the partici-
pants are summarized in Table 1 and Supplemental Table 1. The
participant selection process is shown in Figure 1.

Primary Tumor Detection

We evaluated 91 primary tumors in 91 participants with NSCLC.
The diagnostic sensitivity and positive predictive value of ®3Ga-
FAPI-04 PET/CT for the detection of primary tumor based on visual
evaluation were 96.70% (88/91) and 100% (88/88), respectively. Rep-
resentative true-positive and false-negative cases are shown in Figure 2.

The %Ga-FAPI-avid tumor volume (FTV) and total lesion FAP
expression (TLF) of the primary tumor were higher in men and in
participants with a smoking history, larger tumor size (>3 cm),
higher clinical stage (III-1V), and nonadenocarcinoma. The SUV .,
of the primary tumor was higher in participants with larger tumors
(>3 cm) (15.10 vs. 8.53, P < 0.001), higher clinical stage (III-1V)
(14.86 £5.78 vs. 10.06 = 4.80, P < 0.001), and nonadenocarcinoma
(15.15+5.95 vs. 1223 =5.64, P = 0.02). Participants with larger
tumors and higher clinical stage also had higher tumor-to-background
and tumor-to-liver ratios. The time interval between injection and
acquisition had no effect on ®Ga-FAPI-04 uptake in the primary
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TABLE 1
Clinicopathologic Features of Participants with NSCLC

Feature Value
No. of participants 91
Age (y)
Median 65
Interquartile range 58-70
Range 35-83
Sex
Men 69 (75.82)
Women 22 (24.18)
Smoking
Yes 51 (56.04)
No 40 (43.96)
Largest diameter of primary tumor (mm)
Median 36
Interquartile range 22-54
Density of tumor
Partial solid nodule 8 (8.79)
Solid nodule or mass 83 (91.21)
Location of primary tumor
Left upper lobe 25 (27.47)
Left lower lobe 21 (23.08)
Right upper lobe 24 (26.37)
Right middle lobe 7 (7.69)
Right lower lobe 14 (15.38)
Pathologic type
scc 27 (29.67)
Adenocarcinoma 55 (60.44)
Adenosquamous carcinoma 1(1.10)
Sarcomatoid carcinoma 2 (2.20)
Large cell neuroendocrine carcinoma 3 (3.30)
Large cell carcinoma 1(1.10)
Undefined type 2 (2.20)
TNM stage
| 22 (24.18)
Il 6 (6.59)
1] 22 (24.18)
I\ 41 (45.05)

IQR = interquartile range.
Unless otherwise indicated, values are number and percentage;
percentages may not total 100 because of rounding.

tumor (Supplemental Table 2). The median SUV . (14.93 vs. 12.75,
P = 0.031), FTV (26.88 vs. 4.52, P < 0.001), and TLF (222.77 vs.
30.14, P < 0.001) were higher in squamous cell carcinomas (SCCs)
than in adenocarcinomas.

Lymph Node Metastasis Detection
Thirty-one participants underwent surgical lymph node dissection,
and 7 received endobronchial ultrasound-guided transbronchial
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A total of 136 participants with suspected or pathologically confirmed lung cancer were refrospectively|
enrolled between March 2021 and June 2023 for initial staging using “Ga-FAPI-04 PET/CT

Excluded participants (i = 28)
MNa ical results were obtained (o= 16}
Prirary lumor coukd not be acourately identified (0= 11)
Twa or Ihree primary lemars were delecled simultaneously (n = 2)

4

’7 107

icipants had a definite di is confirmed by histopathology

Exchuied pamicpants (7 = 16)
Small el lung cancer (h = )
Benign lung dizeage (0= %)

fo i ia (n =4}

Tuberculosis (n = 2)
Cryplococoosis (n=1})
Preumaonia (= 1)

Pulmonary [n=1})

Finally, 81 participants with non-small cell lung cancer (NSCLC) were analyzed

FIGURE 1.
study.

Detailed selection process of participants included in this

needle aspiration puncture biopsy of the mediastinal lymph nodes. In
total, 141 stations comprising 357 lymph nodes were assessed. The
diagnostic sensitivity, specificity, and accuracy of ®*Ga-FAPI-04 in
station-based analysis were 72.00% (18/25), 93.10% (108/116), and
89.36% (126/141), respectively (Table 2), and the equivalent values
in lesion-based analysis were 58.06% (18/31), 94.79% (309/326),
and 91.60% (327/357), respectively, for the detection of lymph node
involvement by ®*Ga-FAPI-04 (Supplemental Table 3). The patho-
logic results demonstrated that false-positive lymph nodes were reac-
tive lymphoid hyperplasia. Representative cases of true-positive and
false-positive lymph nodes are shown in Figure 3.

Metastatic lymph nodes had a larger median short diameter
(1.06 vs. 0.56cm), SUV .« (746 vs. 1.82), SUV ean (4.23 vs.
1.23), tumor-to-background ratio (4.01 vs. 0.87), and tumor-to-
liver ratio (6.00 vs. 1.44) than nonmetastatic lymph nodes (all
P < 0.001) (Supplemental Table 4). ®®Ga-FAPI-04 showed excel-
lent predictive efficiency for lymph node involvement, with a
diagnostic sensitivity and specificity for differentiating lymph
node metastasis of 62.96% (17/27) and 96.70% (176/182), respec-
tively, using an SUV ., of 4.815 as the optimal cutoff (Supple-
mental Table 5).

Changes in N-Stage, TNM Stage, and Therapeutic
Management

Thirty-one participants underwent lymph node dissection, including
23 NO, 4 N1, and 4 N2. *Ga-FAPI-04 accurately predicted N-stage in

21 participants (67.74%, 21/31), overestimated it in 6, and underesti-
mated it in 4. Compared with ®*Ga-FAPI-04, conventional imaging
(chest contrast-enhanced CT) accurately determined N-stage in 19
(61.29%, 19/31) participants, overestimated it in 7, and underestimated
it in 5 (Supplemental Table 6). The diagnostic accuracy of %*Ga-
FAPI-04 was higher than that of conventional imaging, but the differ-
ence was not significant (P = 0.727).

The diagnostic accuracies of °®Ga-FAPI-04 and conventional
imaging for TNM stage were 82.42% (75/91) and 68.13% (62/91),
respectively (P = 0.029). *®Ga-FAPI-04 PET/CT overestimated the
stage in 6 participants and underestimated it in 7, and the primary
tumor could not be identified because of negative **Ga-FAPI-04
uptake in 3 participants. TNM stage was misdiagnosed on conven-
tional imaging in 29 participants, including 7 overestimated, 17
underestimated, and 5 primary tumors missed. Compared with con-
ventional imaging, °®Ga-FAPI-04 PET/CT caused a change in
treatment management for 21 (23.08%, 21/91) participants; primary
tumors were found in 4 participants and the therapeutic regimens
were changed in 17 participants (Supplemental Table 7).

Correlation of Tumor Uptake with FAP and GLUT-1 Expression

Forty-eight primary tumor samples (31 surgical and 17 biopsy
specimens) were evaluated with an FAP-positive staining rate of
100%. FAP staining was found not only in cancer-associated fibro-
blasts in the tumor stroma but also in a few tumor cells in 12 cases.
%8Ga-FAPI-derived SUViax, SUVineans FTV, and TLF correlated
positively with FAP expression level in the primary tumor (r =
0.470, 0.477, 0.582, and 0.608, respectively; all P = 0.001) (Fig. 4;
Supplemental Fig. 1). For 31 surgical specimens, SUV,,,, and
SUVinean showed moderate positive correlations with tumor FAP
expression level ( = 0.614 and 0.624, respectively; both P < 0.001),
and FTV and TLF showed strong correlations with tumor FAP
expression (» = 0.700 and 0.770, respectively; both P < 0.001). The
other 17 biopsy specimens showed no correlation between tumor
%8Ga-FAPI-04 uptake and FAP expression. **Ga-FAPI-derived para-
meters also showed moderate positive correlations (» = 0.610, 0.623,
0.561, and 0.684, respectively; all P = 0.002) with FAP expression in
adenocarcinomas (n = 29). FAP expression levels were generally
higher in SCCs (n = 15), with no relationship between tumor **Ga-
FAPI-04 uptake and FAP expression.

Six NSCLC tumor tissues also underwent FAP and GLUT-1 double
staining (Fig. 5). FAP was expressed predominantly in the tumor
stroma and a small proportion of tumor cells, whereas GLUT-1 was
expressed mainly in tumor cells. The median immunostaining scores
were 2.50 (interquartile range, 1-3) for FAP and 2 (interquartile range,
0.75-3) for GLUT-1. The '8F-FDG-derived SUV,yca, correlated sig-

nificantly with GLUT-1 expression (r =

“Ga-FARI-04 PETICT

Slvmax = 1.1
SUMmean = 1.08
FTV = 3.55
TLF =3.87

0.926, P = 0.008) (Supplemental Table 8).

FAP immunesiaining

Comparison of Tumor ®Ga-FAPI-04
Uptake Between Different
FAP-Immunostaining Scores

According to the integrated FAP expres-
sion scores, 48 participants were finally

(Score = 2)

(‘s‘mre =1

FIGURE 2. Represent true-positive (A) and false-negative (B) mixed ground glass nodules on chest
CT, ®8Ga-FAPI-04 PET/CT, and corresponding hematoxylin-eosin (H&E) and FAP immunostaining
(magnification X 100). (A) 76-y-old woman with history of postoperative right-sided breast cancer 1y
previously with ®®Ga-FAPI-avid adenocarcinoma (ADC; arrows) measuring 18 X 12 X 15mm in left
upper lobe with moderate FAP expression (pT1bNOMO, IA2). (B) 76-y-old man with ADC (arrows)
measuring 13 X 10 X 20mm in right upper lobe with visually negative ®Ga-FAPI-04 uptake and

weak FAP expression (pT1bNOMO, 1A2).

DiagNosTIC ACCURACY AND FAP EXPRESSION  ©

classified as scores 1 (n = 12), 2 (n = 13),
or 3 (n = 23) (Fig. 6). The °*Ga-FAPI-
derived SUV .5, SUV nean, FTV, and TLF
increased gradually with increasing score
(all P < 0.003). Participants with a score
of 3 had higher *®Ga-FAPI-04 uptake than
those with a score of 1 in terms of mean
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TABLE 2

Diagnostic Performance of 88Ga-FAPI-04 PET/CT for Detection of Lymph Node Metastasis in NSCLC

(Station-Based Analysis)

Statonsof LN TP FP  FN TN  Total Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
2R 0o 0 O 4 4 NA 100 NA 100 100
3 0 0 O 2 2 NA 100 NA 100 100
4L 2 0 1 2 5 66.67 100 100 66.67 80
4R 5 0 0 11 16 100 100 100 100 100
11 1 11 14 50 91.67 50 91.67 85.71
0 0 O 1 1 NA 100 NA 100 100
3 2 2 22 29 60 91.67 60 91.67 86.21
0o 0 O 2 2 NA 100 NA 100 100
oL 0o 0 O 7 7 NA 100 NA 100 100
9R 0o 0 O 3 3 NA 100 NA 100 100
10L 2 1 2 9 14 50 90 66.67 81.82 78.57
10R 3 4 0 5 12 100 55.56 42.86 100 66.67
1L 10 1 12 14 50 100 100 92.31 92.86
11R 0o 0 o0 11 11 NA 100 NA 100 100
12L 1 0 0 4 5 100 100 100 100 100
12R 0o 0 o0 2 2 NA 100 NA 100 100
Total 18 8 7 108 141 72.00 93.10 69.23 93.91 89.36

TP = true positive; FP = false positive; FN = false negative; TN = true negative; PPV = positive predictive value; NPV = negative

predictive value; NA = not applicable.

SUV nax (15.33 = 5.84 vs. 7.94 £ 5.24), SUV j1can (8.70 =3.48 vs.  DISCUSSION
4.50 + 2.94), median FTV (20.12 vs. 2.57 cm?), and TLF (155.70
vs. 10.69) (all P < 0.002). Among 29 participants with lung ade-
nocarcinoma, a higher FAP-immunostaining score indicated
intense tumor *8Ga-FAPI-04 uptake, but there was no significant
difference between the groups with scores of 2 (» = 3) and 3

(n = 12) in participants with SCC.

A & -
i'l J. ‘l
AN AN
¢ o
=] wr

FIGURE 3. Representative cases of true-positive and false-positive lymph nodes on ®8Ga-FAPI-04
PET/CT. (A) PET/CT images showed ®®Ga-FAPI-avid soft-tissue mass (black and white arrows) and
enlarged lymph node (red arrows) in ipsilateral mediastinum (station 5) with intense ®3Ga-FAPI-04
accumulation (SUVax, 7.46) in 54-y-old man. Histopathology demonstrated adenocarcinoma with
lymph node metastasis (0T2aN2MO0, llIA). (B) PET/CT images revealed well-defined solid ®®Ga-FAPI-
avid mass (black arrow) and enlarged lymph nodes in left hilum with intense 58Ga-FAPI-04 uptake
(SUVimax, 10.33; red arrows) in 62-y-old man. Histopathology confirmed adenocarcinoma with reac-
tive hyperplasia of left hilar lymph node (pT2bNOMO, I1A).
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In the present study, we aimed to assess the nodal stage perfor-
mance of ®Ga-FAPI-04 PET/CT in NSCLC and to determine whether
%8Ga-FAPI-04 tumor uptake could accurately reflect FAP expression.
Our results indicated that ®*Ga-FAPI-04 had excellent performance
for identifying mediastinal and hilar lymph node metastases, and
volume-based PET parameters showed a significant correlation with

FAP expression in primary NSCLC tumors.
It is important to make an accurate diag-
nosis of pulmonary lesions, to inform sub-
sequent treatment options and clinical
prognosis. *Ga-FAPI-04 recently demon-
strated high accuracy for the detection of
primary tumors in lung cancer, ranging
from 90% to 100% (/1,12,14). Moreover,
%8Ga-FAPI uptake may be related to the
pathologic type of tumor, and the current
study accordingly found that SUV.,
FTV, and TLF were all higher in SCCs
and other rare tumor types than in adeno-
carcinomas. Both ®®Ga-FAPI and '*F-FDG
revealed similar detection efficiencies for
most solid lesions. Nonsolid nodules were
a major cause of false-negative findings,
with a detection rate of 75% (6/8) in our
study; however, compared with '8F-FDG,
%8Ga-FAPI-04 had better detection effi-
ciency (77.8% [21/27] vs. 40.7% [11/27])
and a higher SUV . (4.1 vs. 2.8) for
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negative lymph nodes detected by ®3Ga-
FAPI-04 are mainly due to small nodules
(short diameter < 0.5cm), necrosis, and
micrometastases. The present study identi-
fied some false-positive nodes, and the path-
ologic results showed many accumulated
macrophages and phagocytosed carbon parti-
cles in the lymph node, suggesting that
it may be related to FAP expression in
macrophages and the individual’s working
environment. Our results showed that **Ga-
FAPI-04 had an accuracy of 67.74% (21/31)
for N-staging in surgical NSCLC, which
was slightly lower than in a previous study

FAP imrrunosiaining

FIGURE 4. Representative %®Ga-FAPI-04 PET/CT, hematoxylin-eosin (H&E), and FAP immunostain-
ing (magnification X100) images of pulmonary adenocarcinoma (ADC, A) and SCC (B). (A) Top row:
48-y-old woman with ADC (arrows) in right middle lobe with mild ®Ga-FAPI-04 uptake and weak FAP
expression (pT1bNOMO, 1A2). Middle row: 49-y-old woman with ®Ga-FAPI-avid ADC (arrows) in right
inferior lobe with moderate FAP expression (pT2aNOMO, IB). Bottom row: 66-y-old man with ADC
(arrows) in left superior lobe with intense ®®Ga-FAPI-04 uptake and strong FAP expression
(PT1bNOMO, IA2). (B) Top row: 78-y-old man with SCC (arrows) in right superior lobe with intense
%8Ga-FAPI-04 uptake and moderate FAP expression (GTSNOM1c, IVB). Bottom row: 66-y-old man with
58Ga-FAPI-04-avid SCC (arrows) in left superior lobe with strong FAP expression (pT2aN1MO, IIB).

detecting nonsolid nodules (<3 cm) (12). ®®Ga-FAPI-04 may thus
be a good alternative tracer for the diagnosis of NSCLC.

Accurate evaluation of lymph node involvement is crucial in
choosing the treatment strategy for patients with early-stage or
resectable NSCLC. '8F-FDG PET/CT has significantly improved
the accuracy of lymph node staging of NSCLC compared with
contrast-enhanced CT; however, false-positive (inflammatory dis-
eases of lymph nodes) and false-negative (microscopic lymph
node metastases) findings limit the diagnostic effectiveness of '*F-
FDG for the N-stage of NSCLC, leading to relatively low sensitiv-
ity (49.6%-72.2%) and specificity (81.5%-95%) in per-station
analysis (22,23). Compared with '3F-FDG, ®Ga-FAPI showed
better diagnostic efficiency for detecting lymph node metastasis,
especially in terms of diagnostic specificity (97.6%-99% vs. 6%—
88.8%) in NSCLC, whereas metastatic lymph nodes also had a
higher SUV,,,, than nonmetastatic ones for *Ga-FAPI (10.3 vs.
2.9), but not '®F-FDG (12,14). Similar to previous studies, we also
demonstrated a high specificity of 93.10% indicating the value of
%8Ga-FAPI-04 for diagnosing true-negative lymph nodes. The false-

(80% [8/10]) (14). Overall, these findings
suggest that ®3Ga-FAPI-04 has good poten-
tial for detecting lymph node involvement,
thus guiding the surgical strategy for lymph
node dissection in patients with early-stage
or resectable NSCLC.

FAP is closely associated with tumor
progression and a worse clinical outcome
(24,25). FAP expression levels are impor-
tant in terms of FAP targeting PET imaging and radionuclide ther-
apy in patients with lung cancer. The reported FAP-positivity rate
in NSCLC is 76.2%-97.3%, with variations in expression levels
among histopathologic types (24,26). Wei et al. demonstrated
a moderate correlation between 'SF-FAPI-derived SUV .. and
FAP expression in 6 surgical and 26 biopsy lung cancer specimens
(r = 0.439) (I5). However, our results confirmed that volume-
based PET parameters (FTV and TLF) were strongly associated
with FAP expression, suggesting that tumor uptake burden can
reflect FAP expression more accurately than SUV in NSCLC. We
also found that most SCCs (12/15) showed intense FAP expres-
sion, higher °®Ga-FAPI-04 uptake, and a sharp outline, partially
consistent with the results of Moreno-Ruiz et al. (25). FAP expres-
sion in adenocarcinomas varied greatly, with weak expression in
highly differentiated adenocarcinomas. Additionally, adenosquamous
and sarcomatoid carcinomas showed strong FAP expression, whereas
FAP expression was weak in most large cell neuroendocrine carci-
nomas and small cell lung cancers. The strong FAP expression and
high *¥Ga-FAPI-04 uptake (SUV a0 12.85 + 6.69) in benign lung
disease (e.g., organizing pneumonia, tuber-
culosis, and cryptococcosis) revealed by our

HGa-FAPKD4 PETICT
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study suggest that we should pay more atten-
tion to these in routine clinical practice.
Overall, **Ga-FAPI-derived FTV and TLF
may thus accurately reflect the expression
level of FAP, which could serve as a predic-
tive indicator for FAP-targeted radionuclide
therapy in patients with advanced NSCLC.
Our study had some limitations. First, the
diagnosis of some distant metastatic lesions
was based mainly on the typical imaging

FIGURE 5. Representative ®3Ga-FAPI-04, '8F-FDG PET/CT, and double immunostaining (magnifi-
cation X 100) images of participants with NSCLC. (A) 67-y-old woman with adenocarcinoma (ADC;
arrows) in right lower lobe (cT2N2MO, Il1A). (B) 65-y-old woman with ADC (arrows) in right upper lobe
(PT1cNOMO, 1A3). (C) 75-y-old man with ADC (arrows) in left lower lobe (ypT1aNOMO). (D) 68-y-old
man with SCC (arrows) in left upper lobe (cT4NOMO, IlIA). Brown and rose-red in double immunos-
taining images represent FAP and GLUT-1 immunostaining, respectively. MTV = metabolic tumor

volume; TLG = total lesion glycolysis.

DiagNosTIC ACCURACY AND FAP EXPRESSION  ©

performance and lacked supporting histo-
pathologic evidence. Second, the subgroup
analysis sample (SCC) for FAP immunos-
taining was relatively small, which may
affect the accuracy of the results. Third, the
sample size for FAP and GLUT-1 double
staining was also small, and the data may
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FIGURE 6. Comparison of ®%Ga-FAPI-04 uptake in primary tumor in relation to FAP-
immunostaining score in participants with NSCLC (A) and lung adenocarcinoma (ADC, B). Lines in
SUVax and SUVean groups represent mean and SD; lines in FTV and TLF groups represent median
and interquartile range. P < 0.05 indicates significant difference. ns = not statistically significant.

not be representative. Further large-scale multicenter prospective
clinical trials are therefore required to validate the current findings
regarding ®Ga-FAPI-04 in NSCLC.

CONCLUSION

%8Ga-FAPI-04 PET/CT can accurately identify lymph node
involvement, which is important for informing the choice of surgery
in participants with resectable NSCLC. Tumor *Ga-FAPI-04 uptake
correlated with FAP expression in NSCLC, especially in terms of the
volume parameters (FTV and TLF). ®*Ga-FAPI-04 may become a
valuable alternative tracer agent for imaging NSCLC, and ®3Ga-
FAPI-derived volume parameters may be potential predictors of
FAP-targeted radioligand therapy in patients with advanced NSCLC.
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KEY POINTS

QUESTION: Does ®8Ga-FAPI-04 PET accumulation correlate with
FAP expression in NSCLC?

PERTINENT FINDINGS: ®Ga-FAPI-04 PET/CT revealed excellent
diagnostic efficiency, and ®®Ga-FAPI-derived volumetric parameters
showed strong correlations with FAP expression in NSCLC.

IMPLICATIONS FOR PATIENT CARE: Our findings may accelerate
the clinical translation of FAP-targeted radioligand therapy in
patients with advanced NSCLC.
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B~ -emitting '"”Lu-octreotate is an approved somatostatin receptor
subtype 2 (SSTR2)-directed peptide receptor radionuclide therapy for
the treatment of gastroenteropancreatic neuroendocrine tumors (NETS).
However,""”Lu-octreotate has fast pharmacokinetics, requiring up to 4
treatment doses. Moreover, '77Lu is less than ideal for theranostics
because of the low branching ratio of its y-emissions, which limits its
SPECT imaging capability. Compared with 7”Lu, ¥’Cu has better decay
properties for use as a theranostic. Here, we report the preclinical evalu-
ation of a long-lived somatostatin analog, [¥’Cu]Cu-DOTA-Evans blue-
TATE (EB-TATE), against SSTR2-positive NETs. Methods: The in vitro
cytotoxicity of [(”Cu]Cu-EB-TATE was investigated on 2-dimensional
cells and 3-dimensional spheroids. In vivo pharmacokinetics and dosim-
etry were studied in healthy BALB/c mice, whereas ex vivo biodistribu-
tion, micro-SPECT/CT imaging, and therapy studies were done on
athymic nude mice bearing QGP1.SSTR2 and BON1.SSTR2 xenografts.
Therapeutic efficacy was compared with ['””Lu]Lu-EB-TATE. Results:
Projected human effective doses of [¢”Cu]Cu-EB-TATE for male (0.066
mSv/MBq) and female (0.085 mSv/MBaq) patients are tolerable. In vivo
micro-SPECT/CT imaging of SSTR2-positive xenografts with [¢’Cu]Cu-
EB-TATE showed tumor-specific uptake and prolonged accumulation.
Biodistribution showed tumor accumulation, with concurrent clearance
from major organs over a period of 72 h. [¥’Cu]Cu-EB-TATE was more
effective (60%) at eliminating tumors that were smaller than 50 mm?®
within the first 15 d of therapy than was ['””Lu]Lu-EB-TATE (20%) after
treatment with 2 doses of 15 MBq administered 10 d apart. Mean
survival of [¥’Cu]Cu-EB-TATE-treated groups was 90 d and more than
90 d, whereas that of ['””Lu]Lu-EB-TATE was more than 90 d and 89 d
against vehicle control groups (26 d and 53 d), for QGP1.SSTR2 and
BON1.SSTR2 xenografts, respectively. Conclusion: [?'Cu]Cu-EB-TATE
exhibited high SSTR2-positive NET uptake and retention, with favorable
dosimetry and SPECT/CT imaging capabilities. The antitumor efficacy
of [?"Cu]Cu-EB-TATE is comparable to that of ['””Lu]Lu-EB-TATE, with
[¥”Cu]Cu-EB-TATE being slightly more effective than [7”Lu]Lu-EB-TATE
for complete remission of small tumors. [¥’Cu]Cu-EB-TATE therefore
warrants clinical development.
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[¢’CU]CU-EB-TATE THErANOSTIC AGAINST NETs  +  Njotu et al.

Neuroendocrine tumors (NETs) are a large group of diverse
cancers of neuroendocrine origin that develop mostly within the
gastrointestinal (66%) and pulmonary (31%) systems and account
for 0.46% of malignancies of these systems (/). About 80% of
NETs overexpress somatostatin receptor subtype 2 (SSTR2; 1 of
5 SSTRs [SSTRI-SSTRS]) (2). Using this receptor as bait
has improved the diagnosis and treatment of NETs, primarily
through the peptide receptor radionuclide therapy approach, which
uses somatostatin analogs such as octreotate and octreotide labeled
with radionuclides (3). So far, Health Canada, the Food and Drug
Administration, and the European Medicines Agency have
approved the use of B -emitting '7’Lu-DOTA-Tyr*-octreotate
complex (['"’Lu]Lu-DOTATATE) for the treatment of metastatic
or inoperable progressive gastroenteropancreatic NETs after PET
image diagnosis with the short-lived [*®Ga]Ga-DOTATATE (°®Ga
half-life [t;,,], 67.71 min) (4,5).

The therapeutic effectiveness of [\7’Lu]Lu-DOTATATE is attrib-
uted to the decay characteristics of its long-lived ""Lu isotope (t;,,
6.65d; B, 100%; mean 3 -energy, 134keV; maximum 3 -energy,
497keV), which gives its ionizing 3 -emissions a tumor penetration
depth of 2 mm, and the tumor specificity and high binding affinity of
octreotate. Similarly, the short-lived *®Ga is optimal for PET imag-
ing, thus making it a theranostics pair with 7’Lu (5). However, a
limitation in differential clearance exists with a short-lived radionu-
clide (®Ga) to estimate dosimetry for a long-lived radionuclide
(*”7Lu), an important consideration as it allows for accurate prospec-
tive determination of peptide receptor radionuclide therapy dose at
an optimal therapeutic index. Additionally, the short t;, of ®*Ga
could limit the sensitivity of the diagnostic, especially for lesions in
organs with a high blood pool. This thus poses the need for a
matched theranostics pair or, extraordinarily, a theranostic single.

Copper has 2 medical radionuclides, long-lived ®’Cu (t,5, 2.58 d;
B, 100%; mean B -energy, 141keV; maximum [ -energy,
562keV) and **Cu (t, 12.7h), which are increasingly being
exploited for their theranostics potentials. This surge is marked by
recent advancements in the production of clinical-grade ®’Cu and its
potential to be used as a theranostic single (6,7). The B~ -emissions
of Cu have higher mean and maximal energies than those of !”’Lu
and therefore are expected to have therapeutic effects similar to or
better than those of "’Lu. For SPECT imaging, !”’Lu (y-energy,
208keV [11.1%], 113keV [6.6%]) has a less than ideal branching
ratio of its y-rays compared with $’Cu (y-energy, 93keV [16%];
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185keV [48%]), making ®’Cu a better SPECT isotope and, more
desirably, a theranostics single.

To improve the pharmacokinetics of octreotate, a truncated
Evans blue was attached to DOTA-octreotate as a reversible albu-
min binder (8). The resulting peptide DOTA-Evans blue-TATE
(EB-TATE) has improved pharmacokinetics and tumor uptake
after radiolabeling with "’Lu (['’Lu]Lu-EB-TATE and 3¢Y
([®®Y]Y-EB-TATE (8). Given the theranostics potential of ¢’Cu, it
was therefore of foremost importance to investigate the diagnostic
and therapeutic potential of [*’Cu]Cu-EB-TATE (Supplemental
Fig. 1; supplemental materials are available at http:/jnm.snmjournals.
org (9,10)) in SSTR2-positive NET models in vitro and in vivo. The
in vivo effectiveness of [’Cu]Cu-EB-TATE was compared with that
of ['""Lu]Lu-EB-TATE, which is currently in phase I and II clinical
trials (8,11).

MATERIALS AND METHODS

Materials

EB-TATE was obtained from Molecular Targeting Technologies
Inc. through a research collaboration agreement, ®’Cu was purchased
as electron linear accelerator—produced ¢’CuCl, [*®Zn(y,p)®’Cu] from
Canadian Isotope Innovations Corp., and '"’Lu was purchased as
LuCl; from the McMaster Nuclear Reactor at McMaster University.
The AR42J cell line was purchased from ATCC Inc., whereas the
SSTR2-transfected cell lines BON1.SSTR2 and QGP1.SSTR2 were a
kind donation from Carsten Grotzinger (Department of Hepatology
and Gastroenterology, Charité—Universititsmedizin Berlin) (/2).

Ethics Statement

All animal procedures were performed in accordance with the
guidelines on laboratory animal care and use of the Canadian Council
on Animal Care and were approved by the Saskatchewan University
Animal Care Committee (protocol 20220021).

Cell Culture, Flow Cytometry, and Xenografts

Cell culture conditions and xenograft establishment information are
provided in the supplemental materials. BON1.SSTR2 and QGP1.SSTR2
cell lines were authenticated using short tandem repeat profiling (Centre
for Applied Genomics, Hospital for SickKids) and had no detectable
Mycoplasma before their use. To determine the relative overexpression
of SSTR-2 in AR42J, BON1.SSTR2, and QGP1.SSTR2, flow cytometric
analysis was performed (supplemental methods).

Radiolabeling of [¥’Cu]CuCl, and ['7’Lu]LuCl,;

To radiolabel EB-TATE with ¢’Cu or '"’Lu, 50 wL of a 1 mg/mL
solution of EB-TATE (dissolved in 150 mM ammonium acetate, pH
5.8) were added to a 1.5-mL Eppendorf tube containing [¢’Cu]CuCl,
or ["Lu]LuCl; pH-adjusted with 150 mM ammonium acetate
(250 MBq in 200 pL, pH 5.8). The tube was heated at 90°C for
40 min in a thermomixer. The extent of chelation of either *’Cu or
177Lu to EB-TATE was determined by spotting, developing 0.5 wL of
the reaction volume (°®Ga-peptide thin-layer chromatography eluent
pack; Trasis) for 5 min, and visualizing the peak using a Scan-RAM
radio—thin-layer chromatography detector (LabLogic).

Radio—thin-layer chromatography yields of less than 95% led to
purification using a Sep-Pak C18 1-cm® vac cartridge (catalog no.
WAT054960; Waters), after which the Sep-Pak—purified sample was
analyzed using reverse-phase C18 high-performance liquid chroma-
tography (2796 bioseparations module, 2487 dual 1 absorbance detec-
tor, and XBridge C18 5-um, 4.6 X 150 mm column; Waters).

The in vitro stability of [*’Cu]Cu-EB-TATE (n = 3) was deter-
mined after incubation in phosphate-buffered saline or human serum
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at 4°C and 37°C for 7 d, and the results were plotted using Prism (ver-
sion 9; GraphPad).

Internalization

Using !”’Lu-DOTATATE, Tamborino et al. showed that the extent
of DNA double-strand break is proportional to the proximity of
the emission to the DNA (/3). The extent of internalization of
[*’Cu]Cu-EB-TATE into NET cell lines AR42J, BONI.SSTR2,
and QGP1.SSTR2 was determined after treating the cells at 37°C
(3 per concentration per temperature of incubation and per cell line)
using the Nuclei EZ Prep isolation kit (catalog no. NUC201; Sigma-
Aldrich) and counted on a y-counter (Wallac Wizard 1480; PerkinEl-
mer) as reported previously (/4). A 4°C incubation assay was
performed as a control. The extent of internalization was obtained
by presenting the difference in internalization at 37°C and 4°C as a
percentage of the total count rate on cells before acid wash (Supple-
mental Eq. 1).

In Vitro Cytotoxicity (2- and 3-Dimensional)

The in vitro cytotoxicity of [*’Cu]Cu-EB-TATE on monolayer
(2-dimensional) and 3-dimensional spheroids using AR42J, BON1.SSTR2,
and QGP1.SSTR2 cells was determined using IncuCyte S3 live-cell imag-
ing (Sartorius Essen Bioscience) as previously described (15) (details in the
supplemental materials).

Pharmacokinetics, Biodistribution, Dosimetry, and
Micro-SPECT/CT Imaging

Pharmacokinetics was studied by injecting healthy female BALB/c
mice (n = 3) with 3.9 * 0.2 MBq (0.32 = 0.013 nmol) of [*’Cu]Cu-
EB-TATE through a tail vein following laboratory standard operating
procedures (14).

Biodistribution was studied after injecting female athymic BALB/c
nude mice bearing BON1.SSTR2 and QGP1.SSTR2 xenografts on
either flank with 6.9 = 1.2 MBq (0.57 * 0.10 nmol) of [*’Cu]Cu-EB-
TATE via a tail vein. Mice were euthanized at 1, 72, and 120 h (3 per
time point) after injection, and activity in all organs was counted using
a y-counter and expressed as percentage injected activity per gram of
organ (%IA/g) and %lIA.

To estimate radiation dosimetry, healthy BALB/c mice (20 female and
24 male) were injected with 52 = 1.1 MBq (043 = 0.09 nmol) of
[¢7Cu]Cu-EB-TATE through the tail vein and euthanized at 25 min, 1 h,
6 h, 24 h, 48 h, and 72 h (3—4 per time point) after injection. The car-
casses were collected and analyzed using a ~y-counter, and activity was
expressed as %IA/g and %IA. The mouse biodistribution (%IA/g)
data were extrapolated to human data (%IA) using the formula %IA
(human) = [%IA/g (mouse) X total body weight of mouse (in kg) X
mass of human organ (in g)J/total body weight of human (in kg). For
each organ, this was plotted against sampling time and used to estimate
the residence time of the agent in the organ in MBq-h/MBq, represented
by the area under the time—activity function integrated to infinity (com-
plete decay) of the ®’Cu. The residence time was fitted into the OLINDA
kinetics model (OLINDA/EXM, version 2.2; Hermes Medical Solutions)
to generate absorbed doses in units of cGy/mCi of ©’Cu administered.

SPECT/CT imaging of female athymic BALB/c nude mice bearing
BONI1.SSTR2 and GQP1.SSTR2 xenografts was performed at 1, 6,
24, 48, and 72 h after a tail vein injection of 8.0 = 1.4 MBq of
[*’Cu]Cu-EB-TATE (n = 3), using a Vector4CT scanner (MILabs).
The SPECT images were acquired over 35 min, whereas the CT
images were acquired over 5 min. Generated CT and SPECT images
were analyzed on the PMOD 3.7 software package (PMOD).

Radiotherapy

Female athymic BALB/c nude mice bearing subcutaneous
BONI1.SSTR2 (n = 15) and QGP1.SSTR2 (n = 16) xenografts
(842 *+ 63.3 mm®) were allocated to 3 groups (5 or 6/group) per
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Overexpression of SSTR-2 in NET
Cell Lines

Flow cytometry using phycoerythrin-
conjugated anti-SSTR2  showed that
QGP1.SSTR2 has an increased expression
of SSTR2 compared with standard high-
expressing AR42J, which has similar expres-
sion levels to BON1.SSTR2 (Supplemental
Figs. 5 and 6).

QGP-1-S8TR2

80 30 10

Internalization of [*’Cu]Cu-EB-TATE

QGP-1-85TR-2 and Cytotoxicity Against NET Cell
1Cg =264 + 5.9 kEgimL Lines In Vitro
R = 08541 s The internalization of [*’Cu]Cu-EB-TATE

was studied in AR42J, BON1.SSTR2, and
QGP1.SSTR2 cell lines. After 2.5h of
incubation followed by compartmental
internalization analyses, the total inter-
nalization fraction (nuclei plus cytoplas-

4 ] B

FIGURE 1. Internalization and in vitro cytotoxicity of [”Cu]Cu-EB-TATE in NET cell lines with differ-
ent SSTR2 densities. (A) Internalization after 2.5h of incubation at different concentrations of
[¥"Cu]Cu-EB-TATE. (B) In vitro cytotoxicity in 2-dimensional monolayer of NET cell lines using live

cellimaging. ICso = 50% inhibitory concentration. *P < 0.0332.

xenograft model, each receiving the vehicle (saline), 2 doses of
15 MBq (10 d apart) of [’Cu]Cu-EB-TATE in saline, or 2 doses of
15 MBq (10 d apart) of ['”’Lu]Lu-EB-TATE in saline, via a tail vein
in a final volume of 100 nL. The mice were monitored daily for gen-
eral health status, and tumor and body weight were measured 3 times
a week. The tumor size endpoint for euthanasia was 1,500 mm®.
Tumor size was measured using a digital caliper, and volume was
determined using the formula [length X width®]/2.

Statistical Analysis

All results are presented as mean *= SD, except when otherwise
stated as the mean = SEM of at least 3 replicated experiments. Per-
centage tumor growth inhibition of test groups was determined relative
to control groups using the formula [1 — A7/AC] X 100, where AT
and AC are the differences between the final and initial tumor volumes
of the test and control groups, respectively. Statistical analysis was
performed using GraphPad Prism 9. ANOVA was performed on the
slope parameters of spheroid growth, followed by the Dunnett post
hoc test to compare treatment groups.

+

RESULTS

Radiolabeling and In Vitro Stability

The best specific activity of [*’Cu]Cu-EB-TATE was found to
be 5 MBq/pg of peptide, with a resulting radiochemical yield of
95% by instant thin-layer chromatography, whereas radiolabeling
of ['"7Lu]Lu-EB-TATE at this specific activity resulted in a radio-
chemical yield of 90% (Supplemental Figs. 2A and 2B). Radio-
chemical purity as shown by reverse-phase C18 high-performance
liquid chromatography was at least 98% (Supplemental Fig. 3).
The in vitro stability of [*’Cu]Cu-EB-TATE was determined in
phosphate-buffered saline at 4°C and in human serum at 37°C for
7 d. Average daily yields of intact [*’Cu]Cu-EB-TATE, normal-
ized to the initial yield on day 0 as 100%, showed that [®’Cu]Cu-
EB-TATE was more than 91% stable on day 6 in both human
serum and phosphate-buffered saline (Supplemental Fig. 4).

[*’Cu]Cu-EB-

mic) at 90 kBg/mL was observed to
increase slightly, though not significantly,
from 66.1% * 5.4% (AR42J) to 78.6 = 1.2
(BON1.SSTR22, P 0.0834) and to
804 +3.5 (QGP1.SSTR2, P = 0.0898).
Moreover, no differences were seen in total
internalization for a given cell line across
the 3 tested concentrations except for AR42J (at 30 kBg/mL and
10 kBg/mL) and BONI.SSTR2 (90 kBg/mL and 30 kBg/mL)
(Fig. 1A).

The concentration of [’Cu]Cu-EB-TATE that inhibited 50% of
NET cells AR42J, BON1.SSTR2, and QGP1.SSTR2 in vitro after
72 h of treatment was determined and presented as mean * SEM.
There were no significant differences in the 50% inhibitory con-
centrations for AR42] (283 *=1.8 kBg/mL), BONI.SSTR2
(26.7 =145 kBg/mL), or QGP1.SSTR2 (26.4*5.9 kBq/mL)
(Fig. 1B).

To further evaluate the cytotoxicity of [¢’Cu]Cu-EB-TATE
in vitro, spheroid models of BON1.SSTR2 and QGP1.SSTR2 were
developed. [*’Cu]Cu-EB-TATE at activity concentrations of at least
8 kBg/mL inhibited the growth of QGP1.SSTR2 spheroids but
not the growth of BON1.SSTR2 spheroids (Supplemental Figs. 7A
and 7B). At 150h after treatment, QGP1.SSTR2 spheroids’ size
decreased from 0.57 + 0.04 mm? to 0.54 + 0.02 mm* (P = 0.0002)

TABLE 1
Pharmacokinetics of [(”Cu]Cu-EB-TATE in Healthy Female
BALB/c Mice

Pharmacokinetic parameter Data

Area under curve (%lA-h/mL) 634.9 6.9
Distribution t1,5 (h) 0.6 =0.1
Clearance tq,» (h) 33.5+5.2
Elimination constant (h™") 0.13 +0.01
Volume at steady-state (mL) 6.9+1.1
Clearance rate (mL/h) 0.16 =0.00

Data are mean + SD. Mice were injected with 3.86 == 0.16 MBq
(0.32 + 0.013 nmol) of [*”Cu]Cu-EB-TATE, and values were
obtained from %IA/mL and time (h).
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FIGURE 2. Ex vivo biodistribution of [¥’Cu]Cu-EB-TATE in athymic nude mice bearing QGP1.SSTR2 and BON1.SSTR2 xenografts. (A) Retention of
[¥”Cu]Cu-EB-TATE in tumors and blood, accompanied by clearance from major organs. (B) Increase in tumor-to-blood and tumor-to-kidney ratios over
time. ns = no significance. *P = 0.0332. P = 0.0021. **P = 0.00002. ***P = 0.0001.

and 048 +0.0.03 mm> (P < 0.0001) at 200 kBg/mL, and
1,000 kBg/mL, respectively, against 0.62 = 0.04 mm? for control
spheroids. For BON1.SSTR2, spheroid growth changed from
0.74 + 0.04 mm® to 0.94 +0.06 mm”> (P = 0.1766) and 0.89 +
0.03 mm? (P = 0.0953) at 200 kBg/mL and 1,000 kBq/mL, respec-
tively, against 1.01 + 0.09 mm? for control.

Similarly, spheroid death as indicated by red object count
(per image) increased with time and with activity concentration
of [®7Cu]Cu-EB-TATE in both spheroid models (Supplemental
Fig. 7C).

Pharmacokinetics, Biodistribution, Micro-SPECT/CT Imaging,
and Dosimetry

In healthy female BALB/c mice, [’Cu]Cu-EB-TATE exhibited
a biphasic t, with a fast distribution and slow clearance phase
(Table 1; Supplemental Fig. 8). Athymic BALB/c nude mice bear-
ing a QGP1.SSTR2 xenograft on the right flank and a
BON1.SSTR2 xenograft on the left flank were injected with
[¢7Cu]Cu-EB-TATE through a tail vein. Ex vivo biodistribution,
reported as %IA/g at 1, 72, and 120h after injection, showed a
clear trend in clearance from major tissues except the tumor,

FIGURE 3. Kinetics of [(”Cu]Cu-EB-TATE uptake using micro-SPECT/
CT. Maximum-intensity projection micro-SPECT/CT image of mouse
injected with 6.45 MBq (0.53 nmol) of [¢”Cu]Cu-EB-TATE shows accumu-
lation and retention of theranostic in tumors and clearance from healthy
organs. A = anterior; B1 = BON1.SSTR2 xenograft; Bd = bladder;
P = posterior; Q1 = QGP1.SSTR2 xenograft.
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where retention was well evident (Fig. 2A). Uptake of [¢’Cu]Cu-
EB-TATE in QGP1.SSTR2 and BONI1.SSTR2 xenografts was
similar (P values for 1, 72, and 120h being 0.9910, 0.7148, and
0.1347, respectively) (Fig. 2A). Analyses of tumor-to-blood and
tumor-to-kidney ratios are also shown (Fig. 2B).

Micro-SPECT/CT images showed high bladder uptake at 1h
after injection (4.5 = 0.1%IA/g) but not at later times. The kinetics
of distribution of [¢’Cu]Cu-EB-TATE in organs and tumors
clearly showed clearance from all organs except the tumors, where
there was accumulation (Fig. 3). Images acquired from another
mouse with a bigger QGP1.SSTR2 xenograft showed little uptake
in the kidneys and livers, compared with the tumor at 72 h after
injection (Supplemental Fig. 9).

Organ dose estimation after an intravenous injection of 5.22 *
1.11 MBq of [*’Cu]Cu-EB-TATE in healthy BALB/c male and
female mice (3—4 per sex per time point) was performed using
%IA/g data for 5 time points between 1 and 72h (Supplemental
Table 1). Projected human absorbed doses (mSv/MBq) for organs,
and effective and total-body dose, are presented (Table 2). In female
mice, the organs with the highest dose (in decreasing order) were
kidneys > lungs > liver > heart > pancreas > spleen, whereas for
males, the order was liver > lungs > spleen > pancreas.

Efficacy of [?’Cu]Cu-EB-TATE in Mouse Xenografts

Athymic BALB/c nude mice bearing either BON1.SSTR2 or
QGP1.SSTR2 xenografts were treated using 2 doses of either
[¢7Cu]Cu-EB-TATE or ['"’Lu]Lu-EB-TATE (administered 10 d
apart) or vehicle (saline) as control. Tumor volumes between groups at
the start of treatment were statistically similar except for QGP1.SST2
saline-treated  versus QGP1.SSTR2 ['7’Lu]Lu-EB-TATE-treated
(P = 0.0428) (Supplemental Tables 2A and 2B). [*’Cu]Cu-EB-TATE
was effective against BON1.SSTR2 and QGP1.SSTR2 xenografts,
with results comparable to ['7’Lu]Lu-EB-TATE. Moreover, treatment
with 15 MBq of [*’Cu]Cu-EB-TATE or ['7’Lu]Lu-EB-TATE, admin-
istered 10 d apart, was tolerated by athymic BALB/c nude mice as
indicated by body weight (Figs. 4 and 5).

For QGP1.SSTR2 therapy (Fig. 4A), the [*’Cu]Cu-EB-TATE
treatment group had 90.3% tumor inhibition by day 15 compared
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TABLE 2 with the [!7’Lu]Lu-EB-TATE treatment group, which had 70.2%
Projected Human Absorbed Doses of [’Cu]Cu-EB-TATE  tumor inhibition. By day 90, 2 of 5 mice in the [*’Cu]Cu-EB-
TATE treatment group had complete remission, compared with 1
Absorbed dose (mSv/MBq) of 5 mice with complete remission in the ['7’Lu]Lu-EB-TATE
treatment group. The median survival (1,500 mm? study endpoint)

Organ Female Male > .
of the saline group was 26 d, compared with 90 d for the
Adrenals 3.54E—02 2 10E—02 [*’Cu]Cu-EB-TATE group. At 90 d after treatment, median sur-
Brain 1.69E—02 1.90E—02 vival for the ['7’Lu]Lu-EB-TATE-treated mice had not been
Breast 5 58E_03 reached (Fig. 4B). Interestingly, [*’Cu]Cu-EB-TATE was better
: tolerated than ['7’Lu]Lu-EB-TATE as shown by the slope of body
Esophagus 2.09E-02 1.62E-02 weights (P < 0.0001) (Fig. 4C).
Eyes 9.28E-04 7.67E—-04 For BON1.SSTR2, both [*’Cu]Cu-EB-TATE and ['”’Lu]Lu-EB-
Gallbladder 2.29E-02 2.81E-02 TATE treatments showed similar effectiveness (Fig. 5A). By day 26
Left colon 1.59E—01 1.52E—01 after the start of treatment, the [*’Cu]Cu-EB-TATE treatment group
Small intestine 6.93E_03 9.56E_02 hfag a tumor inhibition of 95.4%, which was Osin?ilaT to that of the
Stomach EGS e [ Lu]Lu-EBTTA.TE treatment group, at 92.7% inhibition. By day
90, 1 of 5 mice in both the [®’Cu]Cu-EB-TATE treatment group
Right colon 7.30E-03 8.86E-03 and the ['7Lu]Lu-EB-TATE treatment group had complete remis-
Rectum 1.27E-03 1.86E-03 sion. The median survival (1,500 mm® study endpoint) of the saline
Heart wall 1.93E-01 1.27E—-01 group was 53 d, whereas that for the [*’Cu]Cu-EB-TATE treatment
Kidneys 6.02E—01 1.03E—02 group was not reached by day 90. In comparison, median survival
Liver 3.42E—01 3.09E—01 for the ['”’Lu]Lu-EB-TATE—treated group was 89 d (Fig. 5B). Tol-
Lungs TG STReERG erance to treatments as indicated by body weight was similar
’ ’ (slopes, P = 0.1368) (Fig. 5C).
Ovaries 1.81E-083
Pancreas 1.61E-01 1.07E-01 DISCUSSION
Prostate 1.60E—03 Given the unique theranostic properties of ’Cu as a single agent or
Salivary glands 1.47E-03 1.20E-03 in combination with **Cu (16,17), and considering the recent advances
Red marrow 8.54E—-03 6.08E—03 in ’Cu production (6), this study was aimed to investigate the thera-
Osteogenic cells 1.35E—02 9.96E—03 nostic properties of [*’Cu]Cu-EB-TATE against SSTR2-positive
Spleen 1 41E—01 1 19E—01 NETS. Previous preclinical NET studies on peptide receptor radlqnu—
Testes 1 53E—04 clide therapy have used SSTR2 transduced or transfected cell lines
: such as the human non-small lung cancer cell line A-427 (18), the
Thymus 1.81E-02 1.10E-02 human primary pancreatic tumor cell line QGP, and the human meta-
Thyroid 7.37E-03 6.41E-03 static peripancreatic cell line BON1 (79,20) or endogenous SSTR2-
Bladder 1.21E-02 1.47E-02 expressing cell lines such as the rat pancreatic neuroendocrine cell line
Uterus 1.73E—03 AR42] (7,11). Here, SSTR2-transfected BON1 (BON1.SSTR2) and
Total body 2 34E—02 1 59E—02 QGP1 .(QGPl.SSTlZZ)Inwi.th c.linicallly r'elevanzi levels of receg;or
. expression were used. vitro internalization and cytotoxicity studies
Effective dose 8.50E-02 6.61E-02 were performed to prevalidate these NET cell lines for therapy studies
using [*’Cu]Cu-EB-TATE (Fig. 1; Supplemental Figs. 5-7).
Initially, we looked to show that [*’Cu]Cu-EB-TATE had simi-
lar pharmacologic properties to ['7’Lu]Lu-EB-TATE. To this end,
A B Cc
{?1»509 - [7Cu] Gu-EB-TATE at 2x 15 MBa; 10 days interval gé‘ 100 30
E & [177Lu] Lu-EB-TATE al 2x 15 MBq; 10 days interval o, l °
E &+ Saline (Conirol) <] = 254
@ 1,000 s 5
g :.,:3 504 g 20
£ 500 g €15
5 & o
P ; . : l e o . . . . 1 10+ .
0 20 40 60 80 0 20 40 60 80 100 0 20 40 60 80
Time after treatment (d) Time after treatment (d) Time after treatment (d)

FIGURE 4. Efficacy of [*’Cu]Cu-EB-TATE against SSTR2-positive QGP1.SSTR2 xenograft. QGP1.SSTR2 tumor-bearing athymic BALB/c nude mice
(5 or 6/group) were injected with 15 MBq of either [*’Cu]Cu-EB-TATE or ['”Lu]Lu-EB-TATE on days 0 and 10. Control mice were injected with vehicle
(saline) on day 0. Tumors were measured 3 times per week and plotted against days after treatment (A). Percentage survival was also plotted (B), and
body weight was monitored for entire duration of study (90 d) (C). Plots were discontinued when tumor volume of mouse in particular group reached
1,500 mm?®. Survival was defined as time to reach tumor volume = 1,500 mm?® or time of 90 d.
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FIGURE 5. Efficacy of [?’Cu]Cu-EB-TATE against BON1.SSTR2 xenograft. BON1.SSTR2 tumor-bearing athymic BALB/c nude mice (n = 5/group)
were injected with 15 MBq of either [P’Cu]Cu-EB-TATE or ['”Lu]Lu-EB-TATE on days 0 and 10. Control mice were injected with vehicle (saline) on day
0. Tumors were measured 3 times per week and plotted against days after treatment (A). Percentage survival was also plotted (B), and body weight was
monitored for entire duration of study (90 d) (C). Plots were discontinued when tumor volume of mouse in particular group reached 1,500 mm® Survival

was defined as time to reach tumor volume = 1,500 mm? or time of 90 d.

we studied the pharmacokinetics and dosimetry of [®’Cu]Cu-EB-
TATE in healthy BALB/c mice and confirmed that [*’Cu]Cu-EB-
TATE had prolonged circulation (distribution t;;, 0.6+ 0.1h;
clearance t;,, 33.5%5.2h) (Table 1). Blood distribution of
['7Lu]Lu-EB-TATE in human NET patients has been similarly
reported, with prolonged clearance (distribution t;/,, 9.47 h; clear-
ance t;,, 236 h) (21). The projected human dose of [*’Cu]Cu-EB-
TATE in the kidneys (unblocked) as obtained in this study
(female, 0.60 mSv/MBq; male, 0.01 mSv/MBq) (Table 2) is less
than the actual kidney dose in NET patients for ['7’Lu]Lu-EB-
TATE (1.15 mSv/MBq) but similar to [!”’Lu]Lu-DOTATATE
(0.36 mSv/MBq) (21). Interestingly, the projected human effective
dose for [*’Cu]Cu-EB-TATE in male patients (0.066 mSv/MBq)
is less than that in female patients (0.085 mSv/MBq) and that for
['"Lu]Lu-EB-TATE (0.080 mSv/MBq) but similar to that for
['"7Lu]Lu-DOTATATE (0.069 mSv/MBq) (21). The reported kidney
dose for [**Cu]Cu-SarTATE has been similar (0.20 mSv/MBq), with
an effective dose of 0.045 mSv/MBq (22).

The ex vivo biodistribution of [¢’Cu]Cu-EB-TATE was studied
in athymic nude mice bearing both QGP1.SSTR2 and
BONI1.SSTR2 xenografts. Prolonged accumulation was observed
in tumors (Fig. 2A), peaking at 72 h after injection [QGP1.SSTR2,
82+2.4%IA/g [P 0.4206, not statistically significant];
BONI1.SSTR2, 6.1 = 3.7%IA/g [P = 0.0474]) from 1 h. Tian et al.
earlier reported a similar tumor accumulation of 3¢Y-EB-TATE
at 48h after injection (8) in a HCT116.SSTR2 xenograft model.
Therefore, tumor uptake in this study was similar to what was
observed with other radiometals. Confirmatively, acquired micro-
SPECT/CT images of [*’Cu]Cu-EB-TATE (Fig. 3) showed specific
binding and high retention in NET tumors, with clearance from
healthy organs. Conversely, ['7’Lu]Lu-DOTATATE tumor uptake
peaked at 1h because of fast blood clearance (23). This translates to
a higher-activity injection of DOTATATE to attain dose levels simi-
lar to EB-TATE peptide.

QGP1.SSTR2 tumor—bearing mice and BON1.SSTR2 tumor—bear-
ing mice were treated using [*’Cu]Cu-EB-TATE, [!”’Lu]Lu-EB-
TATE, or saline. [*’Cu]Cu-EB-TATE and ['”’Lu]Lu-EB-TATE were
both efficacious against the 2 tumor models. Interesting, [’Cu]Cu-EB-
TATE appeared (not statistically significantly) to be more efficacious
at eliminating QGP1.SSTR2 tumors (complete remission in 2/5) than
was ['7’Lu]Lu-EB-TATE (complete remission in 1/5), though with a
shorter average tumor growth delay (Figs. 4A and SA). The 90-d
median survival was prolonged, against saline control, for [*’Cu]Cu-
EB-TATE-treated mice (QGP1.SSTR2, 90 d; BONI1.SSTR2, not
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reached) (log-rank P < 0.0001) and ['"’Lu]Lu-EB-TATE-treated
mice (QGP1.SSTR2, not reached; BON1.SSTR2, 89 d) (Figs. 4B
and 5B). This survival is better than that in a 100-d study whose
median survival for [?*Ac]Ac-MACROPATATE (an octreotide
derivative labeled with >*>Ac via an 18-membered macrocyclic che-
lator macropa) was 55 d, versus 26 d for saline control, in an H68
NET xenograft model. Similarly, [**Ac]Ac-MACROPATATE was
not as effective as [*>Ac]Ac-DOTATATE, with 80% (8/10) survival
at 100 d (24). The efficacies and tolerance displayed by [¢’Cu]Cu-
EB-TATE and ['7"Lu]Lu-EB-TATE were similar. Given its superior
image quality, [’Cu]Cu-EB-TATE can be used to estimate organ
dosimetry and to treat and monitor treatment of SSTR2-positive
tumors. In a PET/CT setting, [**Cu]Cu-EB-TATE diagnostic PET
images could be of added value given the inherent resolution of the
modality. Given the recent increased availability of high-specific-
activity [*’Cu]Cu and [**Cu]Cu, these theranostics have tremendous
potential for the management of NETs.

CONCLUSION

As rationalized, the therapeutic potential of [¢’Cu]Cu-EB-
TATE was similar to that of ['7’Lu]Lu-EB-TATE. In addition,
[¢7Cu]Cu-EB-TATE exhibited excellent SPECT/CT imaging capa-
bilities even at 96 h after injection, which would in theory allow
for better sensitivity and tumor delineation, particularly for lesions
in organs that have a high blood pool and cannot be delineated
using ®8Ga tracers. It would also allow for increased accuracy in
dosimetry estimation compared with situations in which other sur-
rogate radionuclides are used. [*’Cu]Cu-EB-TATE therefore war-
rants clinical investigation as a theranostic.
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KEY POINTS

QUESTION: Is [*”Cu]Cu-EB-TATE an effective theranostic for the
management of SSTR2-expressing NETs, and what possible
edge does it present over [ Lu]Lu-EB-TATE peptide receptor
radionuclide therapy?

PERTINENT FINDINGS: In vivo tumor uptake and retention

of [¥’Cu]Cu-EB-TATE was excellent, giving it great dosimetry
estimation and SPECT imaging capabilities. [°’Cu]Cu-EB-TATE
was effective against SSTR2-positive neuroendocrine xenografts.
Moreover, it appeared to be very effective in eliminating
small-volume tumors.

IMPLICATIONS FOR PATIENT CARE: [*"Cu]Cu-EB-TATE

has the potential for SPECT imaging, dosimetry, and treatment of
NET tumors, particularly for the elimination of small-volume
metastasis.

REFERENCES

—

S5

%)

w

=2

=)

Nl

. Barakat MT, Meeran K, Bloom SR. Neuroendocrine tumours. Endocr Relat

Cancer. 2004;11:1-18.

. Patel P, Galoian K. Molecular challenges of neuroendocrine tumors. Oncol Lett.

2018;15:2715-2725.

. Tsoli M, Chatzellis E, Koumarianou A, Kolomodi D, Kaltsas G. Current best prac-

tice in the management of neuroendocrine tumors. Ther Adv Endocrinol Metab.
2019;10:2042018818804698.

. Hennrich U, Kopka K. Lutathera®: the first FDA- and EMA-approved radiophar-

maceutical for peptide receptor radionuclide therapy. Pharmaceuticals (Basel).
2019;12:114.

. Deppen SA, Liu E, Blume JD, et al. Safety and efficacy of **Ga-DOTATATE

PET/CT for diagnosis, staging, and treatment management of neuroendocrine
tumors. J Nucl Med. 2016;57:708-714.

. Mou L, Martini P, Pupillo G, Cieszykowska I, Cutler CS, Mikolajczak R. *’Cu

production capabilities: a mini review. Molecules. 2022;27:1501.

. Cullinane C, Jeffery CM, Roselt PD, et al. Peptide receptor radionuclide therapy

with ¢’Cu-CuSarTATE is highly efficacious against a somatostatin-positive neuro-
endocrine tumor model. J Nucl Med. 2020;61:1800—1805.

. Tian R, Jacobson O, Niu G, et al. Evans blue attachment enhances somato-

statin receptor subtype-2 imaging and radiotherapy. Theranostics. 2018;8:735—
745.

. Luley KB, Biedermann SB, Kunstner A, et al. A comprehensive molecular charac-

terization of the pancreatic neuroendocrine tumor cell lines BON-1 and QGP-1.
Cancers (Basel). 2020;12:691.

[¢’CU]CU-EB-TATE THErANOSTIC AGAINST NETs  +  Njotu et al.

18.

20.

2

—_

22.

2

v

24.

. Vandamme T, Peeters M, Dogan F, et al. Whole-exome characterization of pancre-

atic neuroendocrine tumor cell lines BON-1 and QGP-1. J Mol Endocrinol. 2015;
54:137-147.

. Thakur S, Daley B, Millo C, et al. 17"Lu-DOTA-EB-TATE, a radiolabeled ana-

logue of somatostatin receptor type 2, for the imaging and treatment of thyroid can-
cer. Clin Cancer Res. 2021;27:1399-1409.

. Exner S, Prasad V, Wiedenmann B, Grotzinger C. Octreotide does not inhibit pro-

liferation in five neuroendocrine tumor cell lines. Front Endocrinol (Lausanne).
2018;9:146.

. Tamborino G, Perrot Y, De Saint-Hubert M, et al. Modeling early radiation DNA

damage occurring during '7’Lu-DOTATATE radionuclide therapy. J Nucl Med.
2022;63:761-769.

. Hartimath SV, Alizadeh E, Solomon VR, et al. Preclinical evaluation of '!''In-

labeled PEGylated maytansine nimotuzumab drug conjugates in EGFR-positive
cancer models. J Nucl Med. 2019;60:1103-1110.

. Tikum AF, Nambisan AK, Ketchemen JP, et al. Simultaneous imaging and therapy

using epitope-specific anti-epidermal growth factor receptor (EGFR) antibody con-
jugates. Pharmaceutics. 2022;14:1917.

. Loft M, Carlsen EA, Johnbeck CB, et al. %4Cu-DOTATATE PET in patients with

neuroendocrine neoplasms: prospective, head-to-head comparison of imaging at 1
hour and 3 hours after injection. J Nucl Med. 2021;62:73-80.

. Hao G, Mastren T, Silvers W, Hassan G, Oz OK, Sun X. Copper-67 radioimmu-

notheranostics for simultaneous immunotherapy and immuno-SPECT. Sci Rep.
2021;11:3622.
Parry JJ, Eiblmaier M, Andrews R, et al. Characterization of somatostatin receptor
subtype 2 expression in stably transfected A-427 human cancer cells. Mol Imaging.
2007;6:56—67.

. Guenter R, Aweda T, Carmona Matos DM, et al. Overexpression of somatostatin

receptor type 2 in neuroendocrine tumors for improved Ga68-DOTATATE imag-
ing and treatment. Surgery. 2020;167:189-196.

Jin XF, Auernhammer CJ, Ilhan H, et al. Combination of 5-fluorouracil with epige-
netic modifiers induces radiosensitization, somatostatin receptor 2 expression, and
radioligand binding in neuroendocrine tumor cells in vitro. J Nucl Med. 2019;60:
1240-1246.

. Zhang J, Wang H, Jacobson O, et al. Safety, pharmacokinetics, and dosimetry of

a long-acting radiolabeled somatostatin analog '’’Lu-DOTA-EB-TATE in
patients with advanced metastatic neuroendocrine tumors. J Nucl Med. 2018;
59:1699-1705.

Hicks RJ, Jackson P, Kong G, et al. **Cu-SARTATE PET imaging of patients with
neuroendocrine tumors demonstrates high tumor uptake and retention, potentially
allowing prospective dosimetry for peptide receptor radionuclide therapy. J Nucl
Med. 2019;60:777-785.

. LiuF, Zhu H, Yu J, et al. ®*Ga/'""Lu-labeled DOTA-TATE shows similar imaging

and biodistribution in neuroendocrine tumor model. Tumour Biol. 2017;39:
1010428317705519.

King AP, Gutsche NT, Raju N, et al. > Ac-MACROPATATE: a novel alpha-
particle peptide receptor radionuclide therapy for neuroendocrine tumors. J Nucl
Med. 2023;64:549-554.

539



EDITORIAL

PSMA PET AUC Updates: Inclusion of rh-PSMA-7.3

Thomas A. Hope' and Hossein Jadvar?

"Department of Radiology and Biomedical Imaging, University of California, San Francisco, San Francisco, California; and
Department of Radiology, University of Southern California, Los Angeles, California

With the approval of '8F-rh-PSMA-7.3 ('8F-flotufolastat
[Posluma; BlueEarth]), the appropriate use criteria for prostate-
specific membrane antigen (PSMA) PET needs to be updated a
second time (1,2). The approval for '8F-rh-PSMA-7.3 was based
on 2 prospective phase 3 clinical trials, the LIGHTHOUSE and
SPOTLIGHT trials (3,4). The LIGHTHOUSE trial evaluated the
sensitivity and specificity of '®F-rh-PSMA-7.3 in men with unfavor-
able intermediate- to very high-risk prostate cancer and demonstrated
a sensitivity ranging between 23% and 30% across the 3 readers and
a specificity of 93%—97% (4). The sensitivity was slightly lower
than that reported with '8F-DCFPyL and ®®Ga-PSMA-11 (5,6),
which might be explained by the higher percentage of men with
unfavorable intermediate-risk prostate cancer in the LIGHTHOUSE
trial. The SPOTLIGHT trial evaluated the verified detection rate
(ranged from 51% to 54% across readers) and positive predictive
value (ranged from 46% to 60%) in patients with biochemically
recurrent prostate cancer (3). Given the differences in methodology,
it is difficult to compare these rates with the comparable trials per-
formed with '8F-DCFPyL and ®®Ga-PSMA-11, in which correct
localization rate and positive predictive value were used, respectively
(7,8). Overall, all 3 agents should be considered equivalent for the
staging of disease initially and at the time of biochemical recurrence.
The third main indication for PSMA PET is the selection of
patients for PSMA radioligand therapy. In the most recent update
to the PSMA appropriate use criteria document, *F-DCFPyL and
%8Ga-PSMA-11 were considered equivalent for the selection of patients
with PSMA radioligand therapy (2). There are no data evaluating the
role of '8F-rh-PSMA-7.3 for selecting patients for PSMA radioligand
therapy, although admittedly the same is true for 'SF-DCFPyL.
The appropriate use committee agreed that '*F-rh-PSMA-7.3 can also
be used to select patients for PSMA radioligand therapy. Because
of the higher physiologic uptake in the liver, patients who meet
the VISION criteria using th-PSMA-7.3 are candidates for treat-
ment. Currently, there are limited data on the biodistribution of
8F_rh-PSMA-7.3 and how that compares with '8F-DCFPyL and
68Ga-PSMA-11, and therefore it is unclear what the lower limit
of uptake with !8F-rh-PSMA-7.3 should be for patient selection,
and it is possible that there are a small minority of patients who
would meet criteria for treatment with °®Ga-PSMA-11 and
I8F_DCFPyL but would not meet criteria for '*F-rh-PSMA-7.3.
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The approval of !'8F-rh-PSMA-7.3 provides another PSMA-
targeted radiopharmaceutical that will help increase patient access to
PSMA PET imaging. Overall, '®F-rh-PSMA-7.3 should be consid-
ered equivalent to %*Ga-PSMA-11 and '3F-DCFPyL, with the caveat
that the higher uptake in the liver with '8F-rh-PSMA-7.3 may impact
the selection of a small number of patients for PSMA radioligand
therapy compared with patients screened using the other 2 agents.
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The Impact of Baseline PSMA PET/CT Versus CT
on Outcomes of ***Ra Therapy in Metastatic
Castration-Resistant Prostate Cancer Patients
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Imaging before 2*®Ra-dichloride (***Ra) therapy is crucial for selecting
metastatic castration-resistant prostate cancer (MCRPC) patients
with bone-only disease. The purpose of this study was to evaluate
if baseline prostate-specific membrane antigen (PSMA) PET/CT
(bPSMA) versus CT is associated with outcomes of 22>Ra therapy.
Methods: A secondary analysis of the data of a prospective observa-
tional study (NCT04995614) was performed. Patients received a maxi-
mum of 6 ?>°Ra cycles and were retrospectively divided into the
bPSMA or baseline CT (bCT) groups. All patients received baseline
bone scintigraphy. Primary endpoints were alkaline phosphatase and
prostate-specific antigen response. Secondary endpoints were overall
survival (OS) and radiologic response. Results: Between 2017 and
2020, 122 mCRPC patients were included: 18 (14.8%) in the bPSMA
group and 104 (85.2%) in the bCT group. All baseline characteristics
were comparable. No significant differences in alkaline phosphatase
or prostate-specific antigen response were found. The bCT group
showed an OS significantly shorter than that of the bPSMA group
(12.4 vs. 19.9mo, P = 0.038). In 31 of 76 patients (40.1%) in the bCT
group who also received posttherapy CT, lymph node or visceral
metastases (soft-tissue involvement [STI]) were detected after 2°Ra
therapy, compared with 0 of 15 patients in the bPSMA group who
received posttherapy PSMA PET/CT or CT. No significant difference
in OS was found between patients in the bCT or posttherapy CT sub-
group without STI (46/76) and the bPSMA group. Conclusion:
bPSMA versus CT does not seem to impact biochemical response
during 22°Ra therapy in mCRPC patients. Nevertheless, patients in the
bCT group had a significantly shorter OS, most likely due to underde-
tection of STI in this group. Therefore, replacing bCT with PSMA
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PET/CT appears to be a valuable screening method for identifying
patients who will benefit most from 22°Ra therapy.
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Metastatic castration-resistant prostate cancer (mCRPC) is
characterized as prostate cancer progression despite adequate
androgen-deprivation therapy (/). Bone metastases are prevalent
in over 90% of end-stage mCRPC (2,3) and a leading factor
in skeleton-related events (SREs), morbidity, and mortality (4,5).
Symptomatic bone metastases can be treated with 22Ra-dichloride
(**Ra), a radionuclide that actively incorporates into metastatic
lesions, where it emits a-particles that induce tumor cell death (6,7).
The phase 3 ALSYMPCA trial demonstrated that treatment with
223Ra compared with placebo significantly prolonged overall survival
(OS), led to a more frequent decline in alkaline phosphatase (ALP),
enhanced quality of life, and presented fewer SREs (8-11). 2*’Ra
therapy should be withheld in patients with extensive malignant
lymphadenopathy or visceral metastases (/2,13), of which the latter
is observed in up to 32% of mCRPC patients (3). Therefore, baseline
imaging plays a crucial role in assessing eligibility for >*Ra therapy
and currently consists of either baseline CT (bCT) or prostate-
specific membrane antigen (PSMA) PET/CT, in addition to bone
scintigraphy (/2,14). PSMA PET/CT has a higher diagnostic sensi-
tivity and specificity for detecting pelvic nodal or distant metastases
than CT (/5—17) and has been shown to be able to detect previously
unknown visceral metastases in a small cohort of mCRPC patients
who underwent screening for 22>Ra therapy (18). To our knowledge,
there is only one retrospective study available evaluating the impact
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of baseline PSMA PET/CT (bPSMA) compared with CT on out-
comes of >*Ra therapy, and this study suggested that staging with
PSMA PET/CT results in better therapeutic responses with greater
declines in ALP and prostate-specific antigen (PSA) because of bet-
ter patient selection (/9). On the basis of the hypothesis that the
higher diagnostic accuracy of PSMA PET/CT will lead to better
patient selection and therefore outcomes of the proposed treatment,
we studied the impact of bPSMA versus CT on outcomes of 2>Ra
therapy in mCRPC patients.

MATERIALS AND METHODS

Study Design and Patient Population

We performed a secondary analysis of a prospective observational
multicenter cohort study that evaluated mCRPC patients treated with
223Ra at 11 institutions throughout The Netherlands between April
2017 and July 2020 (NCT04995614) (20). Eligible patients had histo-
logically proven mCRPC with symptomatic bone metastases and no
visceral metastases. The study protocol was approved by the medical
ethics committee (CMO 2017-3220) and the institutional review
boards of all participating centers. Informed consent was obtained
from all individual patients.

Study Procedures and Follow-up

Patients were treated with >**Ra according to the standard of care at
a dose of 55 kBg/kg of body weight injected intravenously every 4 wk,
with a maximum of 6 injections. Every patient received a baseline bone
scintigraphy to determine the extent and localization of bone metasta-
ses. Additionally, every patient received a contrast-enhanced high-
dose CT of the thorax and abdomen or a low-dose “*Ga-PSMA-11 or
18E_.PSMA-1007 PET/CT from the top of the skull down to the mid
thigh to detect soft-tissue involvement (STI), defined as lymph or vis-
ceral node metastases. The choice for baseline imaging modality was
made according to local standard clinical care in the respective hospi-
tals. Baseline imaging was performed no more than 12 wk before the
start of therapy. At least 1 wk before every 2?>Ra injection, laboratory
evaluation was performed. Laboratory evaluation and posttherapy
imaging (bone scintigraphy combined with either CT or PSMA PET/
CT) were performed 4-8 wk after the last injection. All patients were
followed until death or March 3, 2023.

Subgroup Categorization

Patients were retrospectively allocated to the bPSMA or bCT group
on the basis of imaging modality before ***Ra therapy. Additionally,
patients were retrospectively allocated to the posttherapy PSMA
PET/CT (pPSMA) or posttherapy CT (pCT) subgroups.

Study Outcomes

The primary endpoint was biochemical response, defined as at least
a 30% decline in ALP or PSA level from baseline during ***Ra therapy,
as described in the ALSYMPCA trial (9). Any decline in PSA level
from baseline during treatment was determined. ALP and PSA superre-
sponders were defined as patients with at least a 50% decline from
baseline during treatment.

Secondary endpoints were the best percentage change in ALP or
PSA response from baseline during treatment, radiologic response,
occurrence of SREs, and OS. Radiologic response after >*>Ra therapy
was evaluated by monitoring the presence of newly detected STI.
Only patients who received identical baseline and posttherapy imaging
techniques were eligible for radiologic response evaluation. RECIST
version 1.1, the Prostate Cancer Working Group 3 criteria, and the
PSMA PET progression criteria were used (2/-23). SREs were
defined as surgery or radiotherapy to the bone, spinal cord compres-
sion, and symptomatic pathologic fractures (22). OS was defined as
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the time from the start of ?*>Ra therapy to the date of death from any
cause or the date of the last follow-up.

Data Analysis

Statistical analysis was performed for the total cohort and the sub-
groups. Subgroups were compared using x> and Mann—Whitney U tests
for categoric and continuous variables, respectively. OS was analyzed for
subgroups using Kaplan—Meier curves and the log-rank test. A 2-sided
P value of less than 0.05 was considered statistically significant. Statisti-
cal analyses were performed using SPSS 27.0 (IBM Corp.), and figures
were created using GraphPad Prism 9.0 (GraphPad Software Inc.).

RESULTS

Patient Characteristics

Of the 122 included patients, 18 patients (14.8%) underwent
bPSMA and 104 patients (85.2%) underwent bCT imaging (Table 1).
All patients received a baseline bone scintigraphy. Seventy-seven
patients (63.1%) completed the full course of 6 22°Ra cycles. No sig-
nificant differences in any of the baseline characteristics were found
between the 2 groups.

Biochemical Response

No significant differences in biochemical responses were found
between the bPSMA and bCT groups (Table 2). ALP responses
were found in 55.6% of bPSMA patients versus 62.5% of bCT
patients (P = 0.576). More ALP superresponders were found in
the bPSMA group than in the bCT group (50.0% vs. 28.8%,
respectively; P = 0.076). In the bPSMA group, more patients had
some PSA response than in the bCT group (44.4% vs. 29.8%,
respectively; P = 0.219).

Radiologic Response

Eleven of 18 bPSMA patients (61.1%) also received a pPSMA
(bPSMA/pPSMA subgroup) (Fig. 1). Seventy-six of 104 bCT
patients (73.1%) also received a pCT (bCT/pCT subgroup).
Patients switched from bPSMA to pCT in 4 of 18 cases (22.2%)
and from bCT to pPSMA in 7 of 104 cases (6.7%).

No significant differences were found in any of the baseline
characteristics between the bPSMA/pPSMA and bCT/pCT sub-
groups (Supplemental Table 1; supplemental materials are avail-
able at http:/jnm.snmjournals.org). None of the 15 bPSMA
patients who received posttherapy imaging were found to have
newly detected STIL. In 31 of 76 (40.1%) bCT/pCT patients, STI
was newly detected after therapy (Table 3), with visceral metasta-
ses being detected in 16 patients (51.6%) and lymph node metasta-
ses in 20 patients (64.5%). In retrospect, small visceral metastases
were already visible on bCT imaging in 2 patients. Among the
bCT/pPSMA patients, newly detected STI was found in 6 of 7
patients (85.7%), with visceral metastases being detected in 4
patients (66.7%) and lymph node metastases in 6 patients (100%).

SREs

SREs occurred during and after 2?Ra therapy in 6 of 18
(36.4%) and 30 of 104 (28.8%) patients of the bPSMA and bCT
groups, respectively (P = 0.700). External-beam radiotherapy to
relieve skeletal symptoms was the most common SRE (61.5%)
(Supplemental Table 2).

os

Median OS for the total cohort was 12.8mo (95% CI, 3.3—
46.4mo). Patients in the bPSMA group had a significantly longer
median OS of 19.9mo (95% CI, 3.1mo to not reached) than
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TABLE 1
Baseline Patient Demographics and Clinical Characteristics

Total cohort bPSMA group bCT group
Parameter (n =122) (n=18) (n = 104) P
Age (y) 73.1 (65.2-78.3) 70.8 (63.7-76.2) 73.2 (65.7-78.6) 0.392
Gleason score = 8 80 (65.6) 12 (66.7) 68 (65.4) 0.957
Gleason score missing 1(0.8) 0 (0) 1(1.0)
ECOG performance score
ECOG 0 1 (41.8) 8 (44.4) 3 (41.3) 0.161
ECOG 1 3 (43.4) 5 (27.8) 8 (46.2)
ECOG 2 and 3 8 (14.8) 5 (27.8) 3 (12.5)
Prior SRE 5 (45.1) 11 (61.1) 4 (42.3) 0.139
Prior life-prolonging drugs
Enzalutamide or abiraterone 7 (79.5) 15 (83.3) 2 (78.8) 0.663
Docetaxel 4 (60.7) 6 (33.3) 0 (38.50 0.679
Cabazitaxel 8 (14.8) 11 (61.1) 3 (60.6) 0.966
177Lu-PSMA radioligand therapy 1 (0.8) 0 (0) 1(1.0) 0.676
None 2 (9.8) 2 (11.1) 0 (9.6) 0.844
Time mCRPC to 22°Ra (mo) 21.4 (10.4-41.6) 20.2 (7.4-46.2) 21.8 (10.5-41.6) 0.724
Time since start last treatment to 22 Ra (mo) 10.5 (8.9-16.0) 11.5 (5.6-16.7) 10.4 (6.9-15.9) 0.910
Time since start last treatment to 22>Ra missing (mo) 0 (16.4) 3 (16.7) 7 (16.3)
Time baseline imaging to 22°Ra (mo) 0.89 (0.66-1.58) 1.02 (0.74-1.77) 0.84 (0.67-1.57) 0.154
Hemoglobin (mmol/L) 8 (7.3-8.3) 9 (7.4-8.3) 8 (7.3-8.3) 0.908
Lactate dehydrogenase (U/L) 233.5 (204.0-280.0) 222.5 (202.8-259.8) 236.0 (206.0-287.3) 0.494
ALP (U/L) 142 (102.0-233.5) 136.0 (91.0-179.3)  143.5 (102.8-241.8) 0.495
PSA (ng/mL) 87.9 (29.4-256.3) 99.5 (31.8-206.3) 85.4 (27.4-257.5) 0.718
Lymph node metastases (=15 mm) 7 (13.9) 3 (16.7) 4 (13.5) 0.717
Extent of bone metastases
Low volume (<6 metastases) 15 (12.3) 4 (22.2) 1 (10.6) 0.655
Intermediate volume (6-20 metastases) 33 (27.0) 2(11.1) 1(29.8)
High volume (>20 metastases) 62 (50.8) 12 (66.7) 0 (48.1)
Superscan 12 (9.8) 0 (0) 2 (11.5)
No. administered 222Ra injections
1-3 22 (18.0) 2 (11.1) 20 (19.2) 0.694
4 and 5 23 (18.9) 4 (22.2) 19 (18.3)
6 77 (63.1) 12 (66.7) 65 (62.5)
Cause of discontinuation*
End of therapy 77 (63.1) 12 (66.7) 65 (62.5) 0.649
Progression of disease 28 (23.0) 3 (16.7) 25 (24.0)
Myelotoxicity 10 (8.2) 2(11.1) 5 (4.8)
Other 7 (5.7) 1 (5.6) 9 (8.7)
Death 0 (0) 0 (0) 0(0)
Opioid use 55 (45.1) 7 (38.9) 48 (46.2) 0.567
Bone health agent use 82 (67.2) 11 (61.1) 71 (68.3) 0.550
Denosumab’ 57/82 (69.5) 7/11 (63.6) 50/71 (70.4)
Bisphosphonates’ 25/82 (30.5) 4/11 (36.4) 21/71 (29.6)

*Data summarized according to most important reason for discontinuation, with progression of disease being most important followed

by myelotoxicity. Other causes of discontinuation included pain, SRE, adverse events, and patient wish.
TData are number and valid percentage. Valid percentage is calculated percentage in case of subgroup analyses.
ECOG = Eastern Cooperative Oncology Group.
Qualitative data are number and percentage. Continuous data are median and interquartile ranges.

PSMA PET/CT anp Outcomes oF 22°Ra +  Bosch et al.

543



TABLE 2
Biochemical Response During 222Ra Therapy for Total Cohort and bPSMA and bCT Groups

Parameter Total cohort (n = 122) bPSMA group (n = 18) bCT group (n = 104) P
ALP
Best response* (%) —36.4 (—53.5to —19.1) —47.9 (—56.4 to —0.8) —35.8 (—53.1 to —23.7) 0.963
Response*, decline = 30% 75 (61.5) 10 (55.6) 65 (62.5) 0.576
Superresponse®, decline = 50% 39 (32.0) 9 (50.0) 30 (28.8) 0.076
PSA
Best response* (%) 19.8 (—10.5 to 69.7) 1.1 (—15.3 to 52.6) 21.5 (—6.1 to 73.6) 0.486
Any response®, any decline 39 (32.0) 8 (44.4) 31 (29.8) 0.219
Response*, decline = 30% 18 (14.8) 2 (11.1) 16 (15.4) 0.637
Superresponse®, decline = 50% 10 (8.2) 0 (0) 10 (9.6) 0.170

“ALP and PSA responses are compared with baseline. Negative value indicates decline in ALP or PSA values during or after **Ra

therapy.

Qualitative data are number and percentage. Continuous data are median and interquartile ranges in IU/L for ALP and ng/mL for PSA.

did those in the bCT group (12.4mo, 95% CI, 3.3-37.2mo;
P = 0.038) (Fig 2A).

In an exploratory analysis, OS was compared for patients in the
bCT/pCT subgroup with and without newly detected STI after
therapy. The patients in the bCT/pCT subgroup with newly
detected STI had a significantly shorter OS than that in those with-
out newly detected STI (median OS, 10.6 vs. 14.9mo, respec-
tively; P < 0.01) (Table 3; Fig. 2B). No significant OS difference
was found between the bCT/pCT subgroup without newly detected
metastases and the overall bPSMA group (P = 0.456).

DISCUSSION

In this prospective cohort study, we investigated the impact of
bPSMA versus bCT on the outcomes of 2?>Ra therapy in mCRPC

patients. Patients who received bCT had a significantly shorter OS
than those who underwent bPSMA. We did not observe significant
differences in biochemical response rates.

Our study found ALP and PSA responses similar to those in the
ALSYMPCA trial and previous retrospective studies on 2’Ra therapy
in mCRPC patients (8,24-26). To date, only Ahmadzadehfar et al.
reported outcomes on biochemical response during ?>Ra therapy
based on different baseline imaging modalities (26). In this study,
both ALP and PSA response rates were significantly higher when
using bPSMA than when using bCT. Although we did not observe
significant differences, the bPSMA group showed more ALP superre-
sponders and PSA responses (any decline) than did the bCT group.

Overall, the OS of 12.8 mo found in our study is in line with
other real-world studies evaluating ?Ra therapy (20,27). We
found a remarkably longer median OS for patients in the bPSMA

Patients treated with radium-223
n=122

!

Baseline bone scintigraphy
n=122

v

v

Baseline PSMA PET/CT Baseline CT
n=18 n=104
bPSMA | boT |
¢ \4 ¢ ¢ \4 ¢
Posttherapy Posttherapy No posttherapy Posttherapy Posttherapy No posttherapy
PSMA PET/CT CT imaging PSMA PET/CT CT imaging
n=11 n=4 n=3 n=7 n=76 n=21
bPSMA/pPSMA | | bPSMA/pCT | | bCT/pPSMA | | bCT/pCT | ‘
FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) diagram. Stratification of study population was based on baseline and posttherapy

imaging methods used for radiologic response evaluation.
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TABLE 3
OS Among Subgroups

Baseline imaging Posttherapy imaging n OS (mo) P
bPSMA Total 18 19.9 (12.7-29.0) 0.038 vs. bCT
pPSMA 11/18
STI 0/11
No STI 11/11 21.2 (6.7-NR)
pCT 4/18
STI 0/4
No STI 4/4 20.3 (13.8-NR)
No imaging 3/18 4.9 (3.1-NR)
bCT Total 104 12.4 (7.9-18.2) 0.038 vs. bPSMA
pPSMA 7/104 16.0 (12.4-23.2)
STI 6/7 14.6 (8.9-NR)
No STI 1/7 21.5 (NR)
pCT 76/104 12.7 (8.4-20.4)
STI 31/76 10.6 (2.9-35.0) <0.01 vs. bCT/pCT no STI
No STI 45/76 14.9 (5.9-54.8) 0.456 vs. bPSMA
No imaging 21/104 9.2 (1.6-45.7)

NR = not reached.
OS data are median and 95% ClI.

group than for patients in the bCT group (19.9 vs. 12.4 mo, respec-
tively), whereas all baseline characteristics were comparable. The
most probable explanation for this finding is the absence of newly
detected STI in any of the 15 patients in the bPSMA/pPSMA and
bPSMA/pCT subgroups, whereas STI was frequently detected
after therapy in the bCT/pCT and bCT/pPSMA subgroups (40.1%
and 85.7%, respectively). Our exploratory analysis confirmed a
significant difference in OS between bCT/pCT patients with and
without newly detected STI after therapy. Conversely, the OS of
patients in the bCT/pCT subgroup without newly detected STI did
not significantly differ from the OS of the bPSMA group. These find-
ings are supported by data in the literature that suggest mCRPC
patients with visceral metastases have a significantly shorter OS than
patients without visceral metastases (28,29).

It seems unlikely that the newly detected STI after treatment in the
bCT group was not already present at the start of >>*Ra therapy, since
development of visceral disease takes approximately 1.6y from
CRPC diagnosis (3). In retrospect, the posttherapy-detected STI was
already visible at the bCT in 2 patients. We encountered a lower pro-
portion of patients with a PSA decline in the bCT group than in the
bPSMA group, possibly due to the presence of STI (3). The pre-
sumed underdetection of STI at the start of *?>Ra therapy in the
bCT group might have caused the treatment to be less effective.
However, as there was no control group, our results may still be
explained by the natural history of the disease and unrelated to
223Ra therapy itself.

Our study has several limitations that should be considered
when interpreting the results. The retrospective allocation of
patients into the bPSMA and bCT groups might have led to selec-
tion bias. However, the groups did not significantly differ in any
of the baseline characteristics, and the baseline imaging modality

PSMA PET/CT aND OUTCOMES OF 22°RA  +

choice was made according to local standards of care in the
respective hospitals. To the best of our knowledge, patient charac-
teristics did not influence the imaging modality of choice. In addi-
tion, none of the patients received both imaging modalities at
baseline. Furthermore, the small sample size of the subgroups may
have contributed to the lack of statistical significance in biochemi-
cal response analyses. Because of these limitations, conclusions
should be drawn with caution.

Our study fills a gap of knowledge as little research has been
done on the impact of using PSMA PET/CT instead of CT when
selecting mCRPC patients for 223Ra therapy. To our knowledge,
our population is the largest cohort of patients addressing this
research question. It is probable that the OS benefit associated
with PSMA PET/CT as a therapeutic eligibility assessment modal-
ity can be extrapolated to other therapies for metastatic prostate
cancer. Patients who might benefit less from 2?*Ra monotherapy
because of the presence of STI may be redirected to other treat-
ments, such as the combination of docetaxel plus >?*Ra therapy
(DORA trial, NCT03574571). Additionally, the outcomes of this
study raise the question whether existing evidence-based guide-
lines are still valid for current daily practice, as PSMA PET/CT
appears to become a potential replacement of CT in the manage-
ment of mCRPC. For instance, a recently published article on the
use of *®Ga-PSMA PET/CT for response evaluation of 22°Ra ther-
apy demonstrated that total tumor volume within the bone at base-
line *Ga-PSMA PET/CT was associated with treatment response
and development of extraosseous disease during treatment (30).
This emphasizes the need for prospective randomized clinical
trials, preferably incorporating masking of the practitioner, to
assess the impact of PSMA PET/CT compared with CT on thera-
peutic choices and outcomes (317).
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FIGURE 2. OS among subgroups: OS of bPSMA and bCT groups (A)
and OS of bPSMA and bCT/pCT subgroups (B). Latter are divided into fur-
ther subgroups: without STI, with lymph node metastases, with visceral
metastases, and with both lymph node and visceral metastases.

CONCLUSION

bPSMA does not appear to be a strong predictor of biochemical
response during 22>Ra therapy when compared with CT. However,
patients who underwent bCT had a significantly shorter OS, most
likely due to underdetection of STI before the start of 2>’Ra
therapy. Therefore, replacing bCT with bPSMA appears to be a
valuable screening method to identify the patients who will benefit
most from 2>’Ra therapy.

DISCLOSURE

This work was supported by Bayer Healthcare The Netherlands.
The funding organization had no role in the design or conduct of
the study; collection, management, analysis, or interpretation of
the data; or preparation, review, or approval of the article. Dianne
Bosch received speaker honoraria from MSD. Wim Oyen received
consultancy and speaker fees from Bayer and AAA Novartis.
Addy van der Luijtgaarden is a member of the advisory board of
the Dutch prostate cancer foundation, received speaker and advi-
sory honoraria from Janssen Pharmaceuticals, and received finan-
cial support for an educational program from Astellas. Diederik
Somford is a member of the advisory boards of Janssen Pharma-
ceuticals, Astellas, and Bayer and received research grants from
Astellas outside the submitted work. Rick Hermsen was a member

546

of the advisory board of Bayer, received personal fees and travel
expenses from Bayer outside the submitted work, and received
personal fees from ABX and Blue Earth Diagnostics for image
review. Niven Mehra received personal fees from Bayer outside
the submitted work, Sanofi, and MSD; received research grants
from BMS; and received research grants and personal fees from
Pfizer outside the submitted work, AstraZeneca, Astellas, Janssen
Pharmaceuticals, MSD, and Roche. Winald Gerritsen is a member
of the advisory boards for Bristol-Myers Squibb, Astellas, Janssen
Pharmaceuticals, Bayer, Sanofi Genzyme, Amgen, Morphosys,
and CureVac; received speaker fees from Bayer and MSD; and
received research funding from Astellas, Bayer, and Janssen Phar-
maceuticals. Maarten van der Doelen received research grants
from Bayer and Janssen Pharmaceuticals and received speaker
fees from Astellas. Irma Oving is a member of the advisory boards
for MSD, Pfizer, and AstraZeneca and received research grants
and personal fees from Astellas, Bayer, Janssen Pharmaceuticals,
MSD/AstraZeneca, and Pfizer. No other potential conflict of inter-
est relevant to this article was reported.

KEY POINTS

QUESTION: How does using PSMA PET/CT instead of CT to
select patients for 2*Ra therapy impact the outcome?

PERTINENT FINDINGS: In this prospective cohort study, we
found a significantly longer median OS for patients who received
bPSMA compared than for those who received bCT, most likely
due to underdetection of STI at the start of 2*°Ra therapy.

IMPLICATIONS FOR PATIENT CARE: PSMA PET/CT appears to
be a valuable screening method to identify the patients who will
benefit most from 2?°Ra therapy.
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Strong Correlation Between SUV ., on PSMA PET/CT and
Numeric Drop-In y-Probe Signal for Intraoperative
Identification of Prostate Cancer Lesions
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Prostate-specific membrane antigen (PSMA) PET is used to select
patients with recurrent prostate cancer for metastasis-directed ther-
apy. A surgical approach can be achieved through radioguided
surgery (RGS), using a Drop-In y-probe that traces lesions that accu-
mulate the radioactive signal. With the aim of guiding patient selection
for salvage surgery, we studied the correlation between the SUV .« of
lesions on preoperative PSMA PET/CT and their intraoperative
counts/s measured using the Drop-In y-probe. Methods: A second-
ary analysis based on the prospective, single-arm, and single-center
feasibility study was conducted (NCT03857113). Patients (n = 29)
with biochemical recurrence after previous curative-intent therapy and
a maximum of 3 suggestive lesions within the pelvis on preoperative
PSMA PET/CT were included. Patients treated with androgen depriva-
tion therapy within 6 mo before surgery were excluded. All patients
received an intravenous injection of ®°™Tc-PSMA-I&S 1 d before
surgery. Radioguidance was achieved using a Drop-In y-probe. Cor-
relation was determined using the Spearman rank correlation coeffi-
cient (ps). Subgroup analysis was based on the median SUV ..
Results: In total, 33 lesions were visible on the PSMA PET/CT images,
with a median overall SUV o« of 6.2 (interquartile range [IQR], 4.2-9.7).
RGS facilitated removal of 31 lesions. The median Drop-In counts/s
were 134 (IQR, 81-220) in vivo and 109 (IQR, 72-219) ex vivo. The
intensity of the values correlated with SUV o« (ps = 0.728 and 0.763,
respectively; P < 0.001). Subgroup analysis based on median SUV,ax
in the group with an SUV, o« of less than 6 showed no statistically
significant correlation with the numeric signal in vivo (ps = 0.382;
P = 0.221) or the signal-to-background-ratio (ps = 0.245; P = 0.442),
whereas the group with an SUV,,,« of 6 or more showed respective
statistically significant positive correlations (ps = 0.774 [P < 0.001]
and ps = 0.647 [P = 0.007]). Conclusion: Our findings indicate that
there is a direct relation between SUV,,ox on PSMA PET/CT and the
readout recorded by the surgical Drop-In probe, thereby indicating
that SUV,,,ax can be used to select patients for PSMA RGS. For more
definitive subgroup definitions for treatment recommendations, further
studies are necessary to validate the present findings.
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Despite curative-intent treatment in primary prostate cancer,
recurrences occur in 20%-40% of patients (/,2). Targeting the
prostate-specific membrane antigen (PSMA), a protein that is highly
overexpressed on the surface of most prostate cancer cells, supports
PET imaging. A technology that has substantially enhanced the diag-
nosis of prostate cancer metastases in intermediate- and high-risk pri-
mary patients (3), PSMA PET/CT can detect metastatic lesions in
patients with biochemical recurrence at prostate-specific antigen
(PSA) values of less than 0.5 ng/mL (4,5), thereby enabling curative
metastasis-directed treatment options such as salvage radiotherapy
and salvage lymph node dissection.

To accommodate PSMA-targeted surgery, y-emitting PSMA
ligands have been developed that facilitate image-guided surgery (6,7).
In a PSMA-guided workflow, PSMA PET/CT provides the surgical
road map, and a secondary PSMA ligand is used to provide intraopera-
tive guidance. Signal intensities of primary tumors on PSMA PET/CT
(SUV 12x) have been reported to vary substantially (8).

For guidance during surgery, the y-emitting **™Tc-based tracer
[**™Tc]Tc-PSMA-I&S has been most frequently used (9). This
agent not only facilitates PSMA ligand SPECT/CT, albeit with an
inferior performance compared with PSMA PET/CT (10,11), but
also facilitates intraoperative lesion localization via +y-tracing
(counts/s) (I2), so-called radioguided surgery (RGS) (Fig. 1).
Expanding from traditional y-probes in open surgery (/2—-15), the
introduction of the miniaturized Drop-In y-probe (Eurorad S.A.)
facilitated dissemination of these procedures to robotic surgery
(16-19). Limited research has been conducted on the SUV . in
relation to intraoperative numeric signal. Although the intraopera-
tive counts/s vary substantially (/8,19), there are indications that
these values relate to the SUV ., (20).

The aim of this study was to further corroborate the relation
between the SUV,,x on PSMA PET/CT and the surgical signal
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the signal-to-background ratio (SBR). To con-
firm successful removal of radioactive tissue,
ex vivo validations were performed using the
Drop-In ~y-probe. A detailed description of
the surgical procedures was provided by de
Barros et al. (19).

Histopathologic Evaluation and
Immunohistochemistry

All dissected specimens were sent for his-
topathologic examination with hematoxylin

FIGURE 1.
during robot-assisted surgery.

detected using [**™Tc]Tc-PSMA-I&S. Ultimately, the goal is to
identify cutoffs that can be used to refine the selection criteria for
PSMA-targeted RGS.

MATERIALS AND METHODS

Study Design and Patient Population

A secondary analysis was performed on data from a prospective,
single-center feasibility study that was approved by the local ethics
committee at The Netherlands Cancer Institute (ClinicalTrials.gov
identifier NCT03857113). All subjects gave written informed consent.
The institutional review board approved this retrospective study
(IRBdm21-106). Patients were included if they had biochemical recur-
rence (PSA between 0.2 and 4 ng/mL at 2 consecutive measurements)
after previous curative-intent treatment and a maximum of 3 soft-
tissue lesions (local or nodal recurrences) on PSMA PET/CT. Patients
were excluded if they were receiving androgen deprivation therapy
within 6 mo prior to surgery. Patients were treated with robot-assisted
99mTc PSMA-targeted salvage RGS between June 2020 and Novem-
ber 2022 (19).

Preoperative Imaging and Analysis

All patients underwent PSMA PET/CT within the Prostate Cancer
Network Netherlands (Prostaatkankernetwerk Nederland). Patients
were scanned using [**Ga]Ga-PSMA-11, ['®F]DCFPyl, or ['®F]JK-
PSMA-7 within 125 d before RGS, according to local protocols. Two
experienced nuclear medicine physicians reevaluated the preoperative
imaging using Osirix MD (Pixmeo SARL). On preoperative PSMA
PET/CT, the SUV,,,,x of lesions noted in the clinical report was deter-
mined by drawing a volume of interest over the lesions. The short-axis
diameter of the morphologic substrate, if visible on concurrent CT,
was measured.

One day before surgery, a single dose of [**™Tc]Tc-PSMA-1&S
(median, 541 MBgq; interquartile range [IQR], 482-559 MBq) was
injected intravenously and assessed by performing SPECT/CT on the
morning of surgery, a median of 17h (IQR, 17.3-17.8h) after the
injection. The preoperative scintigraphy was reevaluated after the eva-
luators had been masked to clinical or study-related data, including the
preoperative PSMA PET/CT and intraoperative findings. The number
and location of suggestive lesions were noted.

Intraoperative Measurements

Within a median of 21 h after injection, RGS was performed. All sur-
gical procedures were done using a da Vinci Xi robot (Intuitive Surgi-
cal). Radioguidance was achieved using a Drop-In ~y-probe translating
the radiosignal to the numeric signal. First, radiotracer activity measure-
ments of anatomic landmarks near target prostate cancer lesions (i.c.,
iliac artery, iliac vein, and psoas muscle) were performed to determine
the background signal. Second, the locations of the suspected prostate
cancer lesions were scanned in vivo with the Drop-In probe to assess

SUV,;,x oON PSMA PET AND y-PROBE SIGNAL *

lllustration of PSMA PET/CT vs. numeric signal (counts/s) as seen by operating surgeon

and eosin staining and, if needed, immuno-
histochemical pan cytokeratin AE13 (cyto-
keratin AE1 and AE3) staining. On prostate
cancer—positive tissues, additional immuno-
histochemical PSMA staining was performed (clone 3E6; Dako) to
assess the PSMA intensity. The total immunostaining score (TIS) was
calculated using:

TIS = proportion score X corresponding intensity scores.

The proportion score represented the percentage of cells that stained
positively with a particular intensity and could range between 0% and
100%. The intensity score represented the intensity of the stained cells
and could range between 0 and 3 (0, no staining; 1, weak; 2, moderate;
3, strong). One pathologist analyzed all intraoperative obtained tissues.
The size of the node was measured along the long axis. The TIS of
each tumor-positive region was correlated with the SUV ., and the
numeric signal of the in vivo and ex vivo measurements.

Statistical Analysis

Data were summarized by frequency and percentage for categoric
variables and mean and median with ranges for continuous variables.
The numeric signal was normalized to account for differences in
injected activity of *™Tc, using the average injected dose as the stan-
dard (550 MBq). For continuous variables, normality of distribution
was verified with Kolmogorov—Smirnov testing. The primary outcome
of interest was the correlation of the SUV,,,, of the prostate cancer
lesions on preoperative PSMA PET/CT and the in vivo numeric signal
of the PSMA-positive prostate cancer lesions recorded with the Drop-
In y-probe. A secondary outcome was the ex vivo signal and the
PSMA intensity on histopathology’s correlation with SUV .. All were
analyzed using the Spearman rank correlation coefficient (ps) to deter-
mine the correlation. To evaluate the visual perception of a potential
correlation, a scatterplot was produced. The different PSMA PET tra-
cers were compared using a Kruskal-Wallis statistical test, and the
SPECT/CT subgroups were compared using a Mann—Whitney U statis-
tical test. To identify meaningful subgroups for clinical applicability,
median regression with concave fusion penalizations was used (27). A
P value of less than 0.05 was considered statistically significant. Statis-
tical analysis was performed with SPSS Statistics, version 29.0 (IBM).

RESULTS

Patient Characteristics

After staging on PSMA PET/CT, 29 patients who had suspected
nodal disease (n = 25) or locally recurrent prostate cancer (n = 4)
were included (Fig. 2). As primary treatment, 21 patients (72%)
underwent radical prostatectomy and 8 (28%) underwent radio-
therapy. Subsequently, 13 patients (45%) underwent salvage ther-
apy before [*™Tc]Tc-PSMA RGS (Table 1).

Preoperative Imaging and Analysis

In total, 33 PSMA-avid lesions were identified on the preopera-
tive PSMA PET/CT. The overall median SUV,,,,, on preoperative
PSMA PET/CT was 6.2 (IQR, 4.2-9.7) and did not differ between
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undergoing " Tc-PSMA RGS on PSMA PETICT lden;l;eEdcgrr;cF‘TSMA > during surgery L Num?:'_“;:?;;m:o;;:}lﬂed
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FIGURE 2. Workflow and inclusions. (A-C) Patient selection for salvage [*°"Tc]Tc-PSMA RGS (A), preoperative PSMA PET/CT (B), and [**™Tc]Tc-
PSMA-I&S imaging (C) demonstrate parailiac lesion in patient with biochemical recurrence. (D) Intraoperative activity measurements with Drop-In
vy-probe. (E) Immunohistochemistry (PSMA staining) at histopathologic examination.

TABLE 1
Patient Characteristics

Parameter Result
Age at [*®™Tc]Tc-PSMA RGS (y) 68 (66-72)
Previous primary treatment

RALP 4 (14)

RALP + ePLND 17 (59)

EBRT 2 (7)

EBRT + HT 5(17)

Brachytherapy 1(3)
Previous salvage treatment

Radiotherapy fossa 5(17)

Radiotherapy prostate + pelvis 3 (10)

Salvage prostatectomy + LND 1@

Radiotherapy pelvis 1(3)

Radiotherapy fossa + SLND 1@

Radiotherapy fossa + lutetium PSMA 1@

Radiotherapy prostate + pelvis + previous SLND 1(3)

No previous salvage treatment 16 (55)
Type of recurrence

Nodal 25 (86)

Local 4 (14)
PSA before [*°™Tc]Tc-PSMA RGS 0.91 (0.5-2.4)
Number of positive lesions on PSMA PET/CT

1 lesion 25 (86)

2 lesions 4 (14)

RALP = robot-assisted laparoscopic prostatectomy; ePLND = extended pelvic lymph node dissection; EBRT = external-beam
radiation therapy; HT = hormone therapy; (S)LND = (salvage) lymph node dissection.
Qualitative data are number and percentage; continuous data are median and IQR.
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the different tracers (P = 0.559) (Table 2). Ninety-seven percent
of the PSMA PET/CT scans were conducted on a European Associa-
tion of Nuclear Medicine Research Ltd.—accredited system (22,23).
Twenty-seven of the 33 (82%) identified lesions were smaller than
1 cm, with a median size of 4mm (IQR, 3.8-6 mm). The size of the
PSMA PET/CT-avid lesion correlated significantly with the SUV .,
(ps = 0.728; P < 0.001). The PSA before RGS showed a weak, non-
significant correlation with the SUV .« (ps = 0.2041; P = 0.289),
as did the PSA density (defined as PSA before surgery multiplied
by the size of the lesion or lesions on PSMA PET/CT) (ps = 0.390;
P =0.073).

Of the 33 lesions found on PSMA PET/CT, 23 (70%) were
observed on PSMA-1&S SPECT/CT and 10 (30%) were not.

Within the group of lesions that were not visible on SPECT/CT,
the median SUV ,,, was 4.9 (IQR, 3.3-6.4), whereas the group of
lesions visible on SPECT/CT had a median SUV ,,, of 7.4 (IQR,
5.3-14.3) (P = 0.028). Visibility on SPECT/CT was not associ-
ated with a higher numeric signal in vivo (P = 0.237) or a higher
SBR (P = 0.453)

Intraoperative

In total, 31 of 33 (94%) lesions were successfully removed during
robot-assisted RGS. One suggestive LN could not be localized
because of extensive intestinal adhesions (3 mm on PSMA PET/CT;
SUViax 5.3), and 1 LN (3mm on PSMA PET/CT; SUV ., 1.8)
located in the pararectal fat could not be detected because of high

TABLE 2
Characteristics of Diagnostic Preoperative Imaging and Preparation for Surgery
Parameter Result
Diagnostic preoperative imaging
Type of PSMA PET/CT
[f8Ga]Ga-PSMA 6 (21)
['®FIDCFPyL 13 (45)
['®F]JK-PSMA-7 10 (34)
Median incubation time (min) 58 (50-61)
[f®Ga]Ga-PSMA 49 (44-52)
['®FIDCFPyL 58 (56-61)
['®F]JK-PSMA-7 61 (58-74)
Dose of PSMA PET/CT tracer (MBq) 197 (161-201)
[f8Ga]Ga-PSMA 146 (134-159)
['®FIDCFPyL 180 (164-203)
['®F]JK-PSMA-7 201 (200-202)
SUVax of suspected lesion on PSMA PET/CT overall 6.2 (4.2-9.7)
[*8Ga]Ga-PSMA 7.7 (3.0-11.6)
['8FIDCFPyL 5.5 (4.2-9.1)
["®F1JK-PSMA-7 6.4 (4.8-16.2)
Time from PSMA PET/CT to operation (d) 33 (15-50)
Size of suspected lesion on PSMA PET/CT (mm) 4 (3.8-6)
Size of suspected lesion on PSMA PET/CT
<icm 27 (82)
=1cm 4 (12)
Not measurable 2 (6)
EARL accreditation for PSMA PET/CT
Yes 28 (97)
No 1)

Preparation for surgery
Dose of ®°™Tc-tracer (MBq)
Time from injection of **™Tc-tracer to SPECT/CT (h)
Lesion visible on PSMA PET/CT also visible on SPECT/CT
Yes
No

EARL = European Association of Nuclear Medicine Research Ltd.

541 (482-559)
17.25 (17.25-17.75)

23 (70)
10 (30)

Qualitative data are number and percentage; continuous data are median and IQR.
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FIGURE 3. Scatterplot illustrating correlation between SUV,,ox on preoperative PSMA PET/CT and in vivo and ex vivo numeric signal of Drop-In

y-probe.

background signal in the rectum as a result of hepatobiliary tracer
clearance. The numeric signal of the lesion was recorded both in vivo
and ex vivo (median, 134 counts/s [IQR, 81-220] and 109 counts/s
[IQR, 72-219], respectively). The median SBR in vivo was 2.3
(IQR, 1.7-3.9). No correlation was seen between the duration of the
surgery (median, 136 min; IQR, 101-155) and the SUV .« (ps =
—1.44; P = 0.457) or the counts in vivo (ps = —1.38; P = 0.492).

Correlation Between SUV,,,.x and Intraoperative
Numeric Signal

A significant and strong positive correlation was found between
the overall SUV ., and the intraoperative measures (ps = 0.728
and 0.763 for in vivo and ex vivo, respectively; P < 0.001)
(Fig. 3). Median regression analysis identified 2 SUV,,x sub-
groups (<6 and =6). The former subgroup showed no statistically
significant correlation with the numeric signal in vivo (ps = 0.382;
P = 0.221), whereas the latter did (ps = 0.774; P < 0.001).
Ex vivo results were similar (SUV . < 6, ps = 0.308 [P = 0.284];
SUViax = 6, ps = 0.752 [P < 0.001]). A very moderate, nonsignifi-
cant, correlation was observed between the size of the lesion on pre-
operative PSMA PET/CT and numeric signal in vivo (ps = 0.421;
P = 0.057) and ex vivo (ps = 0.492; P = 0.015).

Overall, a moderate correlation was found for the SUV,,,,, of the
prostate cancer lesions on preoperative PSMA PET/CT and the SBR
in vivo (ps = 0.524; P = 0.004). Subgroup analysis showed no cor-
relation between an SUV ., of less than 6 (ps = 0.245; P = 0.442)
and the SBR, whereas a strong correlation was observed for lesions
with an SUV .« of 6 or higher (ps = 0.647; P = 0.007).

Correlation Between SUV,,,., and PSMA Intensity Staining

Among the removed lesions, the median TIS was 2.3 (IQR,
2.0-3.0) (Table 3). The distribution of PSMA intensity was homo-
geneous in 46% of the lesions and heterogeneous in 54%. The type
of distribution had no significant impact on SUV ., (P = 0.602) No
positive correlation was found between SUV,, and TIS (ps =
—0.433; P = 0.015). Multiplying TIS by the size of the lesion at
pathology did not show a correlation with SUV,,,,, on preoperative
PSMA PET/CT (ps = 0.190; P = 0.353).

DISCUSSION

By directly comparing pre- and intraoperative PSMA-targeting
strategies, we could identify a significant, positive correlation
between SUV,,.x and Drop-In y-probe measurements. The higher
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the SUV . is, the greater is the distinction between the tumor and
surrounding structures in vivo, suggesting a more reliable road
map. Lesion identification may seem less straightforward with a
lower SUV .« but was not impossible since nearly all lesions
in the present study were identified and removed. Our results are
in line with the findings of Gondoputro et al., who performed suc-
cessful RGS on lesions with a median SUV,,,,, of 4.4 (18). SUV-
max should therefore be considered among various parameters in
the case assessment. Not all removed lesions were seen on the pre-
operative SPECT/CT, possibly because of timing and background
interference (/7). Although one might assume that the greater the
distinction the shorter the duration of the surgery, the current results
are inconclusive in this regard. A possible explanation might be the
other factors that influence duration, such as adhesions, the type of
tissue surrounding the lesion, and the learning curve of the operating
surgeon.

On the basis of median regression, we defined 2 SUV,,, sub-
groups (<6 and =6) that showed clear differences in sensitivity
and specificity. However, external validation of these findings is
needed in larger series since subgroups were not defined a priori.
Nevertheless, with an increasing population subjected to

TABLE 3
Intraoperative and Histopathologic Outcomes

Parameter Result

Intraoperative outcome

Time from injection of

21 (19.75-21.1)
99MTc-tracer to operation (h)

Lesions removed during operation 31 (94)
Counts/s Drop-In y-probe in vivo 134 (81-220)
Counts/s Drop-In y-probe ex vivo 109 (72-219)
Counts/s in suspected lesion 2.3 (1.7-3.9)
to activity in PAV ratio (SBR)
Histopathologic outcome, TIS 2.3 (2.0-3.0)

PAV = psoas, artery, and vein; TIS = total immunostaining
score; SBR = signal-to-background ratio.

Qualitative data are number and percentage; continuous data
are median and IQR.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 « No.4 - April 2024



oligometastatic treatment by PSMA RGS (9), definitions of opti-
mal subgroups for RGS are desired.

For clinical applicability it would be less time-consuming to
base the preoperative assessment on the size of the lesion. This
study showed, however, that lesion size was not a significant pre-
dictor for the number of intraoperative numeric signal, whereas
SUV,..x appeared to be a strong and significant predictor and
should therefore be preferred when selecting patients.

No positive correlation was observed between SUV,,. and
PSMA intensity staining defined as the TIS, possibly because of
the wide variation in SUV ., and the fact that TIS ranged mostly
from moderate to strong. Another influential factor could be the
reporting of lymph node size solely as diameter, and the evalua-
tion of TIS per slide, which omits consideration of its 3 dimen-
sions. Little is known regarding the TIS and SUV .« of prostate
cancer—positive lymph nodes. Looking at radical prostatectomy
specimens, Riischoff et al. also found no significant correlation
between SUV,,.x on PSMA PET/CT and immunohistochemical
PSMA intensity expression (24), whereas Jiao et al. and Vetrone
et al. did find a correlation (25,26), possibly explained by different
tumor characteristics or growth patterns (8).

Limitations include the high variability in a relatively small
number of included patients and the retrospective nature of the
secondary analysis. For the scope of this article, only PSMA
PET/CT-positive nodes were included. The inclusion criteria of
the prospective study introduce a possible selection bias (/9). The
nature of the surrounding tissue is always a consideration when
measuring activity in vivo. To minimize the effect of background
signal, in the prospective study the values were documented in
real time after careful positioning of the Drop-In y-probe. A limi-
tation remains, however, in that the surrounding tissue type was
not considered in this secondary analysis. In addition, applicability
in open surgery was not studied.

Subgroup analysis was performed although subgroups were not
specified a priori; inferential issues might therefore emerge. Sub-
groups based on the median are dependent on the cohort and may
alter slightly after validation in larger cohorts. Furthermore, there
were differences in the median SUV ., used for different PSMA
PET/CT tracers and systems—although an accurate representation
of daily clinical practice. Although our groups were much smaller,
the differences were similar to those seen by de Bie et al., who
found recurrent prostate cancer to have a nonsignificantly higher
SUV ax in the [*8Ga]Ga-PSMA-11 group (27). In addition, all
surgical procedures were performed in a single tertiary center
experienced in the use of *™Tc-tracers and the Drop-In y-probe.

With the growing implementation of PSMA RGS and minimally
invasive robotic surgery, it is expected that PSMA PET/CT will
assume a fundamental role in the selection of patients, thereby help-
ing to optimize the treatment of patients with oligometastatic pros-
tate cancer recurrence and perhaps also during primary treatment.

CONCLUSION

This study showed a significant positive correlation between the
SUV,ax on preoperative PSMA PET/CT and the intraoperative
numeric signal measured by the Drop-In y-probe, thereby indicat-
ing that SUV ., can be considered a parameter to select patients
for PSMA RGS. Further studies are needed to validate the present
subgroup definitions before treatment recommendations can be
made.

SUV,,x oON PSMA PET AND y-PROBE SIGNAL *
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KEY POINTS

QUESTION: Does the SUV,,ox on preoperative PSMA PET/CT
correlate with the intraoperative y-probe signal during radioguided
prostate cancer surgery?

PERTINENT FINDINGS: A secondary analysis based on the
prospective, single-arm, and single-center feasibility study was
conducted. Results showed a strong and statistically significant
correlation between the SUV o« on preoperative PSMA PET/CT
and the intraoperative numeric y-probe signal

IMPLICATIONS FOR PATIENT CARE: Our findings of a
direct relation between the SUV,,,x on PSMA PET/CT and the
intraoperative signal indicates that SUV,.x can be considered
among other parameters to select patients for PSMA RGS.
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The Value of **Ga-PSMA PET/MRI for Classifying Patients
with PI-RADS 3 Lesions on Multiparametric MRI:
A Prospective Single-Center Study

Jingyan Shi*', Danyan Li*?, Mengxia Chen*', Yao Fu’, Shan Peng’, Qing Zhang', Jing Liang', Qun Lu', Jiaming Lu?,

Shuyue Ai*, Feng Wang®, Xuefeng Qiu', and Honggian Guo'

! Department of Urology, Nanjing Drum Tower Hospital, Affiliated Hospital of Medical School, Nanjing University, Nanjing, China;
2Department of Radiology, Nanjing Drum Tower Hospital, Affiliated Hospital of Nanjing University Medical School, Nanjing, China;
3Department of Pathology, Nanjing Drum Tower Hospital, Affiliated Hospital of Nanjing University Medical School, Nanjing, China;
and *Department of Nuclear Medicine, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

Prostate Imaging Reporting and Data System (PI-RADS) category 3
lesions remain a diagnostic challenge for detecting clinically signifi-
cant prostate cancer (csPCa). This article evaluates the added value
of ®Ga-labeled prostate-specific membrane antigen-11 ((3Ga-PSMA)
PET/MRI in classifying PI-RADS 3 lesions to avoid unnecessary biop-
sies. Methods: Sixty biopsy-naive men with PI-RADS 3 lesions on
multiparametric MRI were prospectively enrolled between February
2020 and October 2022. In all, 56 participants underwent ®3Ga-PSMA
PET/MRI and prostate systematic biopsy. ®8Ga-PSMA PET/MRI
was independently evaluated and reported by the 5-level PRIMARY
score developed within the PRIMARY trial. Receiver-operating-
characteristic curve analysis was used to estimate the diagnostic per-
formance. Results: csPCa was detected in 8 of 56 patients (14.3%).
The proportion of patients with csPCa and a PRIMARY score of 1, 2,
3,4, and 5 was 0% (0/12), 0% (0/13), 6.3% (1/16), 38.5% (5/13), and
100% (2/2), respectively. The estimated area under the curve of the
PRIMARY score was 0.91 (95% ClI, 0.817-0.999). For a PRIMARY
score of 4-5 versus a PRIMARY score of 1-3, the sensitivity, specifi-
city, positive predictive value, and negative predictive value were
87.5%, 83.3%, 46.7%, and 97.5%, respectively. With a PRIMARY
score of at least 4 to make a biopsy decision in men with PI-RADS 3
lesions, 40 of 48 patients (83.3%) could avoid unnecessary biopsies,
at the expense of missing 1 of 8 (12.5%) csPCa cases. Conclusion:
%8Ga-PSMA PET/MRI has great potential to classify patients with
PI-RADS 3 lesions and help avoid unnecessary biopsies.

Key Words: %8Ga-PSMA PET/MRI; PRIMARY score; PI-RADS;
unnecessary biopsy

J Nucl Med 2024; 65:555-559
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Prostate multiparametric MRI (mpMRI) is currently recom-
mended before prostate biopsy because of its promising value in
the detection and localization of clinically significant prostate can-
cer (csPCa) (1,2). Over the last decade, mpMRI has been increas-
ingly used as a biopsy-triage tool and has been used in guiding
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*8Ga-PSMA PET/MRI CrassiFies PI-RADS 3+

targeted biopsy (2—4). The Prostate Imaging Reporting and Data
System (PI-RADS) is a 5-point scale based on imaging features
and is designed to standardize radiology reporting (5). PI-RADS
category 3, which presents an equivocal suggestion of csPCa,
remains a significant diagnostic challenge. Although biopsy is
recommended under the current guidelines, less than 20% of
PI-RADS 3 lesions contain csPCa (6,7). PI-RADS 3 lesions pre-
sent a dilemma to both urologists and patients because immediate
biopsy could be unnecessary; however, a monitoring strategy
could lead to some missed diagnoses of csPCa. Hence, specifically
identifying csPCa among PI-RADS 3 patients will have significant
implications for clinical diagnosis.

58Ga-labeled prostate-specific membrane antigen (°3Ga-PSMA)
PET/CT has exhibited increasing value in assessing the presence
of primary intraprostatic tumors (8,9). Studies indicate that ®Ga-
PSMA PET/CT has some superiority over mpMRI in detecting
primary tumors (/0—12). Our previous study found that the combi-
nation of mpMRI and *3Ga-PSMA PET/CT improved the diagno-
stic accuracy of csPCa compared with mpMRI alone, with
significant improvement in accurate diagnosis in PI-RADS 3
lesions (13). Recently, 3 Ga-PSMA PET/CT showed some value
in stratifying PI-RADS 3 lesions in a retrospective study (/4).
However, to the best of our knowledge, the value of ¥Ga-PSMA
PET/MRI, which provides anatomic localization and radiologic
information simultaneously, in classifying PI-RADS 3 lesions has
never been investigated.

To assess whether Ga-PSMA PET/MRI can classify patients
with PI-RADS 3 lesions on mpMRI and avoid unnecessary biop-
sies, this study prospectively included men with PI-RADS 3
lesions and assigned the patients for ®*Ga-PSMA PET/MRI scan-
ning before prostate biopsy was performed. The 5-level PRI-
MARY system developed within the PRIMARY trial was applied
to report ®®Ga-PSMA PET/MRI findings. Using the pathologic
results of the biopsies as the reference, we analyzed the diagnostic
utility of ®®Ga-PSMA PET/MRI to verify our hypothesis.

MATERIALS AND METHODS

Patients

Between February 2020 and October 2022, consecutive men were
assessed for eligibility in the study. Inclusion criteria included biopsy-
naive men with solitary or multiple PI-RADS 3 lesions on mpMRI
within 3mo. Patients with concurrent PI-RADS 4-5 lesions were
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excluded. This prospective study was approved by the Ethics Commit-
tee of Nanjing Drum Tower Hospital (approval 2020-173-02) and reg-
istered on Clinicaltrials.gov (NCT 04573179). Written informed
consent from the patients was obtained.

mpMRI Imaging Acquisition and Analysis

All candidates underwent pelvic mpMRI using an Achieva 3.0-T
TX scanner (Philips) with a 16-channel phased-array coil as described
previously (15). Image sequences of the prostate included T1-weighted
images, T2-weighted images, and diffusion-weighted images at
b values of 50, 800, and 1500, respectively, and dynamic-contrast
enhanced images after gadolinium injection. The apparent diffusion
coefficient was generated using Philips WorkStation software. For par-
ticipant selection, images with full technical quality were reevaluated
independently by 2 dual-trained board-certified radiologists who had
over 10y of experience with a subspecialty in urologic radiology. The
images were then scored according to PI-RADS version 2. Concordant
conclusions regarding the location of mpMRI findings and whether
they were benign or malignant (i.e., PI-RADS 3 vs. PI-RADS 4-5)
were required of the 2 readers.

%8Ga-PSMA PET/MRI Acquisition

%8Ga-PSMA-11 was synthesized as described previously (/6) and
intravenously injected at a median activity of 142 MBq (range, 111-
185 MBq). Patients were required to void their bladders the moment
before the scan. After a median of 60 min (range, 50-80 min), simulta-
neous PET/MRI was performed on a uPMR 790 PET/MRI system
(United Imaging Healthcare).

The PET/MRI acquisition consisted of 2 parts: a whole-body
PET/MRI following the workflow of the protocol reported previously
(17) and a dedicated MRI examination of the pelvis for prostate access
(18). This required 5 bed positions with 6 min per bed position with
free breathing and 4min per bed position during breath-hold.
MR-based attenuation correction started simultaneously with the PET
scan, thus ensuring optimal temporal and regional correspondence
between MRI and PET data. Whole-body PET/MRI acquisition was
performed from the thigh to the brain, including 3-dimensional
gradient-echo T1-weighted imaging sequences, transverse fast spin-
echo T2-weighted image sequences with fat suppression, diffusion-
weighted images, cranial 3-dimensional T1-weighted imaging
sequences, and cranial 3-dimensional T2 fluid-attenuated inversion
recovery sequences. Dedicated PET/MRI acquisition in the pelvis with
a 12-channel phased-array coil was subsequently started, and sagittal
and transverse high-resolution T2-weighted images, transverse and
coronal T2-weighted images with fat suppression, transverse high-
resolution Tl-weighted images, and diffusion-weighted image
sequences (4,452/78-ms repetition time/echo time; 3 mm thick with an
intersection gap of 10 mm; 340 X 220 field of view; 600 X 800 matrix;
0/800/1,500 s/mm? b-factor) were acquired. Image reconstruction was
performed with time of flight and an iterative ordered-subset expecta-
tion maximization algorithm.

%8Ga-PSMA PET/MRI Analysis

All ®®Ga-PSMA PET/MR images were independently reviewed by
2 experienced nuclear medicine specialists masked to the previous
mpMRI and clinical outcomes. The 5-level PRIMARY system, which
is based on a combination of “®Ga-PSMA pattern information and
intensity, was used to report prostate “*Ga-PSMA PET/MRI findings
according to a previous study (/9). In contrast, the prostate zones were
delineated on MRI, which provided more accurate zonal anatomy than
did the CT images.

In brief, lesions of concern were identified on PET (higher uptake
than background) and analyzed on the fused PET/MR images. Readers
interrogated the PET/MR images for specific patterns: diffuse
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PRIMARY score PET

PET/MRI

Score 1

No pattern.
Low grade activity.

Score 2
Pattern A (Diffuse TZ).
It does not extend to FZ on
MRI and can have moderate
variation in TZ intensity.

Score 2
Pattarn B (Symmatric CZ).
This pattern is classified
as a PRIMARY score 4 Ifit
extends to PZ on MRI.

Score 3
Pattern C (Focal TZ}).
Focal activity visually at
least twice background TZ.

Score 4
Pattern D (Focal PZ).
‘Any focal activity involving
PZ, no minimal intensity.

Score §
Any pattern.
Intense uptake
SUVmax > 12,

FIGURE 1. ®Ga-PSMA PET/MRI examples of PRIMARY scores. T2WI| =
T2-weighted image; PZ = peripheral zone; CZ = central zone.

transition zone (TZ) activity (pattern A), symmetric central zone activ-
ity (pattern B), focal TZ activity (pattern C), and focal peripheral zone
activity (pattern D) (Fig. 1). All patterns were documented, and the
most clinically significant pattern was used in cases of multiple pat-
terns. Uptake (SUV ,.x) was measured in each prostate quadrant, with
the single highest value used for analysis. Afterward, a PRIMARY
score using a combination of pattern information and SUV,,, was
assigned to each participant. Descriptions and examples of different
PRIMARY scores are shown in Figure 1.

Prostate Biopsy and Histopathology Examination

All patients underwent transperineal 12-core systematic biopsy and
mpMRI/ultrasound fusion-guided targeted biopsy (20). Lesions of
concern from mpMRI and *8Ga-PSMA PET were both targeted if all
treating physicians agreed on the abnormalities on the basis of the key
images. All biopsies were performed by the same urologist who had
over 5y of experience with prostate biopsy. Tumor grade was assigned
according to the 2014 grade group guidelines of the International Soci-
ety of Urological Pathology (2/). csPCa was defined as an Interna-
tional Society of Urological Pathology grade group of greater than 1,
whereas clinically insignificant PCa (International Society of Urologi-
cal Pathology group 1) and benign conditions were defined as non-
csPCa (22).

Statistical Analysis

In addition to basic descriptive statistics, receiver-operating-
characteristic curve analysis was performed to evaluate the diagnostic
performance of the PRIMARY score, and a 95% CI was calculated as
proposed by Obuchowski (23). The optimal cutoff value was chosen
using the Youden method. The area under the curve (AUC) was com-
pared using the DeLong test. Statistical analysis was performed using
IBM SPSS statistics software, version 26.0. A P value of less than
0.05 was considered to indicate a significant difference.
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Biopsy naive men who had mpMRI PI-RADS score of 3
in our medical center, planned for prostate biopsy,
were re-scored by two experienced radiologists
between February 2020 and October 2022
N=80

Exclude:
4 scored PI-RADS 2 by radiologist D.L.
2 scored PI-RADS 2 by radiologist J.L.
3 scored PI-RADS 2 by both

TABLE 2
Results of Tumor Detection with PRIMARY Scores

Histology (n = 48)

Men with qualified PI-RADS 3 lesion(s) on mpMRI
N=69

Exclude:

9 consent not given

2 scored PI-RADS 4 by both radiologists

Men scheduled for ¥Ga-PSMA PET/MRI and
MRI-guided targeted and systematic prostate biopsy
N=60

| 1 incomplete PET/MRI
Eligible participants 3 did not undergo biopsy
N =56

FIGURE 2. Flowchart showing final eligible participants.

RESULTS

Participant Characteristics

Of 80 potential candidates, 56 men were qualified for analysis
(Fig. 2). 8Ga-PSMA PET/MRI was performed with a median
interval of 2.4 wk (interquartile range, 0.7-6.0 wk) from mpMRI
scanning and with a median interval of 1 wk (interquartile range,
0.5-1.0 wk) from biopsy. Baseline characteristics are shown in
Table 1. Twelve participants (16.2%) had no pattern on °*Ga-
PSMA PET/MRI, 15 (20.3%) exhibited pattern A, 3 (4.1%) exhib-
ited pattern B, 25 (33.8%) had pattern C, and 19 (25.7%) had
pattern D. Among the 56 participants, csPCa was detected in 8
patients (14.3%) by biopsy, whereas insignificant PCa was

TABLE 1

Baseline Features of Included Cases (n = 56)
Characteristic Finding
Age (y) 67 (63-71)
BMI (kg/m?) 24.5 (23.3-26.2)
PSA (ng/mL) 6.9 (5.5-9.5)
PSMA pattern*

No pattern 12 (16.2)
Pattern A (diffuse T2) 15 (20.3)
Pattern B (symmetric C2) 3 (4.1)
Pattern C (focal TZ) 25 (33.8)
Pattern D (focal PZ) 19 (25.7)
Grade group of biopsy
Benign 42 (75)
ISUP 1 6 (10.7)
ISUP 2 3 (5.4)
ISUP =3 5(8.9)

*Number exceeds sample size because patients may exhibit
more than 1 pattern simultaneously.

BMI = body mass index; PSA = prostate-specific antigen;
CZ = central zone; PZ = peripheral zone; ISUP = the International
Society of Urological Pathology.

Continuous data are median and interquartile range. Qualitative
data are number and percentage.

*8Ga-PSMA PET/MRI CrassiFies PI-RADS 3+

PRIMARY score Negative Positive csPCa (%)
1 12 0 0

2 13 0 0

3 15 1 6.3

4 8 5 38.5

5 0 2 100
Total 48 8 14.3

detected in 6 (10.7%) patients. Of the patients with csPCa, 2 of 8
cases (25%) were missed by systematic biopsy, whereas no csPCa
was missed by targeted biopsy.

Diagnostic Performance of ®®Ga-PSMA PET/MRI

The rates of detection of csPCa by the PRIMARY score is
shown in Table 2. The proportion of men with csPCa and a PRI-
MARY score of 1, 2, 3, 4, or 5 was 0% (0/12), 0% (0/13), 6.3%
(1/16), 38.5% (5/13), and 100% (2/2), respectively. The estimated
AUC of the PRIMARY score was 0.91 (95% CI, 0.817-0.999)
(Fig. 3). The Youden-selected threshold was 4. For a PRIMARY
score of 4-5 versus a PRIMARY score of 1-3, the sensitivity, spe-
cificity, positive predictive value, and negative predictive value
were 87.5%, 83.3%, 46.7%, and 97.5%, respectively (Table 3).

When a PRIMARY score of at least 4 was used to make a biopsy
decision in men with PI-RADS 3 lesions, 40 of 48 (83.3%) partici-
pants could avoid unnecessary biopsies, including 4 of 6 (66.7%)
men with insignificant cancer and 36 of 42 (85.7%) men with benign
conditions, at the expense of missing 12.5% (1/8) of csPCa cases.

DISCUSSION

Diagnosis of PI-RADS category 3 lesions remains a significant
clinical challenge. In this study, 56 biopsy-naive men with

100+

75—

Sensitivity (%)
=
1

25— @
, ~e~ AUC = 0.91
0 ®
1 | 1 1 1
0 25 50 75 100

FIGURE 3. Receiver-operating-characteristic curve for PRIMARY score.
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TABLE 3
Performance Characteristics of PRIMARY Score at Cutoff Points of 3 and 4 for Patients with PI-RADS 3 Lesions

AUC Threshold Sensitivity Specificity PPV NPV
0.91 (0.80-0.97) 4~ 87.5% (47.3%-99.7%) 83.3% (69.8%-92.5%) 46.7% (30.6%—63.4%) 97.5% (86.4%—-99.6%)
3 100% (63.1%-100.0%) 54.2% (39.2%-68.6%) 26.7% (21.1%-33.1%) 100% (—)

*Youden-selected threshold.
PPV = positive predictive value; NPV = negative predictive value.
Data in parentheses are 95% CI.

PI-RADS 3 lesions on mpMRI were prospectively included, and
%8Ga-PSMA PET/MR scanning was performed before prostate
biopsy. ®Ga-PSMA PET/MRI was independently reviewed, and a
PRIMARY score was assigned to each participant. As a result,
14.3% of the patients harbored csPCa, in line with the 13%-21%
reported in previous articles (24,25). The estimated AUC of the
PRIMARY score in predicting csPCa was 0.91. With a threshold
of a PRIMARY score of 4, sensitivity and specificity for csPCa
were both high (87.5% and 83.3%, respectively). Adding a PRI-
MARY score of at least 4 into the biopsy decision could avoid
83.3% (40/48) unnecessary biopsies, at the expense of missing
12.5% (1/8) of csPCa cases. Further validation is warranted before
clinical implementation. To the best of our knowledge, this is the
first prospective study to show the value of ®®Ga-PSMA PET/MRI
in classifying PI-RADS 3 lesions and to avoid unnecessary biopsy.

Several studies have assessed the added value of traditional clin-
ical parameters (e.g., age (26), previous biopsy status (26),
prostate-specific antigen density (26,27)) and imaging parameters
(e.g., prostate volume (28,29), lesion location (30), apparent diffu-
sion coefficient value (28,29) on mpMRI) in classifying PI-RADS
3 lesions. Despite the variety of parameters presented, prostate-
specific antigen density is most commonly used to assist with
biopsy decision for PI-RADS 3 lesions, with AUC ranging from
0.62 to 0.67 (26,31) and being 0.72 in our cohort (Supplemental
Table 1; supplemental materials are available at http:/jnm.
snmjournals.org). In a recently retrospective high-volume multi-
center study, prostate-specific antigen density with a cutoff of 0.15
was used to predict csPCa in patients with PI-RADS 3 lesions,
and 58.4% of biopsies would have been avoided, at the cost of
missing 6.5% of csPCa cases (26). Several prediction models have
been developed combining clinical and imaging parameters for the
same purpose. Recently, a risk model based on clinical and MRI-
derived parameters was developed in a multiinstitutional study,
with an AUC of 0.78; the most desirable outcome of this model
was avoiding 25% unnecessary biopsies at the expense of missing
only 5% of csPCa cases (30). Nevertheless, the added values of
the aforementioned parameters or models seem to be limited, var-
ied in cohorts, and lacking validation in prospective settings.

As is well known, mpMRI shows high sensitivity (0.91; 95%
CI, 0.83-0.95) but low specificity (0.37; 95% CI, 0.29-0.46) for
csPCa detection (32). 8Ga-PSMA PET may bridge the gap
because of its superb specificity in identifying 84.6%-95.0% of
csPCa cases (10,12). The improved specificity in detecting csPCa
was reported when mpMRI was combined with **Ga-PSMA PET
(11,33). The recently introduced PRIMARY score may further
improve the specificity because the classification relies mainly on
pattern rather than intensity. The 2 low-risk patterns including the
diffuse TZ activity and symmetric central zone activity, both
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occurring centrally in the prostate, are shown to be potential causes
of false positives (34,35). It is reported that increasing SUV ., did
not raise the probability of csPCa in these 2 patterns (/9).

The present study performed *®Ga-PSMA PET/MRI, and the
5-level PRIMARY score was applied. Using the MRI phase to
demarcate prostatic zones, improved tumor location was offered
and better specificity of ®®Ga-PSMA patterns could be expected
indisputably. In our cohort, no csPCa was found in low-risk pat-
terns including no pattern, pattern A, and pattern B. The good per-
formance could be attributed to the combination of the improved
tumor localization offered by MRI and the improved specificity
offered by PET imaging and ®Ga-PSMA patterns. In addition, the
top score with an SUV . greater than 12 remains at 100% specifi-
city, as reported in the PRIMARY study (36). In all, the AUC of
the PRIMARY score was estimated to be 0.91, which significantly
outperformed the clinical prostate-specific antigen density parame-
ter (Supplemental Table 1).

In this study, a PRIMARY score of 3 was rated to be negative as
determined by the Youden index, which was different from that of
the PRIMARY study. For one reason, the presence of csPCa in the
TZ is not common and is even rarer among PI-RADS 3 patients. As
shown in our cohort, only 12.5% (1/8) of csPCa cases were detected
from the TZ. For another reason, compared with a threshold of 3 and
a cutoff of 4, specificity was improved significantly from 52.08% to
83.33%, while preserving a high level of sensitivity (decreasing from
100% to 87.5%). As a result, as much as 83.3% (40/48) of PI-RADS
category 3 patients could avoid unnecessary biopsies.

Our study still has some limitations. First, this was a single-center
study with a relatively small sample size. Although all patients were
enrolled and tested prospectively, more large-volume studies are
needed to confirm the conclusions of the current study. Second, the
subjectivity in scoring the PI-RADS system may impose difficulty in
applying our findings to other medical centers. To compensate for
this and to make sure the PI-RADS 3 participants in this study
adhered to the PI-RADS version 2.0 standardization, participants
with PI-RADS 3 lesions were reevaluated independently by 2 senior
radiologists, and concordant conclusions were required for inclusion.
Third, our work supported the benefits of performing **Ga-PSMA
PET/MRI for the mpMRI PI-RADS 3 population, but further work
is required to determine whether this potential reduction in biopsy
by adding an imaging modality is cost-effective.

CONCLUSION

%8Ga-PSMA PET/MRI showed a promising performance in
classifying patients with PI-RADS 3 lesions on mpMRI. Using a
PRIMARY score of 4-5 versus a PRIMARY score of 1-3, the
sensitivity and specificity for csPCa were 87.5% and 83.3%,
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respectively. Unnecessary biopsies could be avoided in 83.3% of
cases with the sacrifice of missing 12.5% (1/8) of csPCa cases,
which needs to be further investigated in larger-cohort studies.
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KEY POINTS

QUESTION: Could ®®Ga-PSMA PET/MRI classify patients with
PI-RADS 3 lesions on mpMRI and help with biopsy decisions?

PERTINENT FINDINGS: A PRIMARY score derived from ®®Ga-
PSMA PET/MRI exhibited high diagnostic accuracy among
PI-RADS 3 patients, with an AUC of 0.91. Using the threshold of
4, the sensitivity (87.5%) and specificity (83.3%) for csPCa were
both high. As much as 83.3% of unnecessary biopsies could be
avoided but at the sacrifice of missing 12.5% of csPCa cases.

IMPLICATIONS FOR PATIENT CARE: PI-RADS 3 patients could
be referred for ®®Ga-PSMA PET/MRI before prostate biopsy.
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Prognostic Performance of RECIP 1.0 Based on
['*F]PSMA-1007 PET in Prostate Cancer Patients
Treated with ['”'Lu]Lu-PSMA I&T
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In metastatic castration-resistant prostate cancer (NMCRPC) patients
treated with prostate-specific membrane antigen (PSMA)-targeted
radioligand therapy (RLT), the recently proposed criteria for evaluating
response to PSMA PET (RECIP 1.0) based on %8Ga- and '®F-labeled
PET agents provided prognostic information in addition to changes in
prostate-specific antigen (PSA) levels. Our aim was to evaluate the
prognostic performance of this framework for overall survival (OS) in
patients undergoing RLT and imaged with ['®FIPSMA-1007 PET/CT
and compare the prognostic performance with the PSA-based
response assessment. Methods: In total, 73 patients with mCRPC
who were scanned with ['®FJPSMA-1007 PET/CT before and after 2
cycles of RLT were retrospectively analyzed. We calculated the
changes in serum PSA levels (APSA) and quantitative PET parameters
for the whole-body tumor burden (SUV nean; SUVimax, PSMA tumor vol-
ume, and total lesion PSMA). Men were also classified following the
Prostate Cancer Working Group 3 (PCWG3) criteria for APSA and
RECIP 1.0 for PET imaging response. We performed univariable Cox
regression analysis, followed by multivariable and Kaplan-Meier anal-
yses. Results: Median OS was 15 mo with a median follow-up time of
14 mo. Univariable Cox regression analysis provided significant asso-
ciations with OS for APSA (per percentage, hazard ratio [HR], 1.004;
95% Cl, 1.002-1.007; P < 0.001) and PSMA tumor volume (per unit,
HR, 1.003; 95% Cl, 1.000-1.005; P = 0.03). Multivariable Cox regres-
sion analysis confirmed APSA (per percentage, HR, 1.004; 95% Cl,
1.001-1.006; P = 0.006) as an independent prognosticator for OS.
Kaplan-Meier analyses provided significant segregation between
individuals with versus those without any PSA response (19 mo vs.
14mo; HR, 2.00; 95% Cl, 0.95-4.18; P = 0.04). Differentiation
between patients with or without progressive disease (PD) was also
feasible when applying PSA-based PCWGS3 (19 mo vs. 9 mo for non-
PD and PD, respectively; HR, 2.29; 95% ClI, 1.03-5.09; P = 0.01) but
slightly failed when applying RECIP 1.0 (P = 0.08). A combination of
both response systems (PCWG3 and RECIP 1.0), however, yielded
the best discrimination between individuals without versus those
with PD (19 mo vs. 8 mo; HR, 2.78; 95% ClI, 1.32-5.86; P = 0.002).
Conclusion: In patients with mCRPC treated with RLT and imaged
with ['®F]PSMA-1007, frameworks integrating both the biochemical
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(PCWG3) and PET-based response (RECIP 1.0) may best assist in
identifying subjects prone to disease progression.

Key Words: PSMA; RECIP; PET/CT; ['®FJPSMA-1007; ['7Lu]Lu-
PSMA I&T; PCWG3
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In patients with prostate cancer, treatment monitoring is essen-
tial but may be complex in individuals with high disease burden
who are scheduled for varying therapies, including the recently
approved lutetium vipivotide tetraxetan (Pluvicto; Novartis) (Z,2).
Despite favorable results in a randomized trial (3), a substantial
portion of men will not benefit from treatment with ['7’Lu]Lu-
labeled prostate-specific membrane antigen (PSMA) ligands (3,4).
Thus, refined outcome assessment by an early identification of
patients experiencing progressive disease (PD) is intensively
sought. In this regard, monitoring the prostate-specific antigen
(PSA) levels of patients undergoing treatment may allow the deter-
mination of high-risk individuals when applying a framework sys-
tem such as criteria suggested by the Prostate Cancer Working
Group 3 (PCWG3) (5). Changes in PSA levels, however, may
have limited value in a castration-resistant setting for segregating
between PD and true responses (6). Beyond biochemical evalua-
tions, quantification of PSMA expression (as measured by SUVs)
or PSMA-avid whole-body tumor volume may also assist in
identifying patients experiencing PD under radioligand therapy
(RLT) (7). Such conventional assessments exclusively focusing on
quantified radiotracer accumulation, however, may ignore new
lesions appearing on interim scans. To overcome this dilemma, the
recently proposed response evaluation criteria in PSMA PET/CT
(RECIP 1.0) were introduced, which were validated in a bicentric
cohort of 124 patients staged with [*®Ga]Ga-PSMA-11 and
['8F]thPSMA-7/7.3 (8). Interestingly, the authors concluded that a
composite endpoint of PSA response and RECIP 1.0 was superior
to PSA measurement only (8). A comparison among PSMA PET/
CT-based frameworks for monitoring response to treatment, for
example, PSMA PET progression criteria (9), adapted PERCIST
(10,11), RECIST 1.1 (12), or RECIP 1.0 (8), has shown that the
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latter system appears to be the most promising (/7). Whether
RECIP 1.0 shows comparable results in patients exclusively
imaged with ['®F]PSMA-1007 PSMA PET has not yet been vali-
dated. Such findings, however, would be of relevance, as the latter
radiotracer is increasingly used in the clinic because of a longer
half-life and higher image resolution than for %®Ga-labeled PET
agents (13,14).

Thus, in the present study, we aimed to evaluate the prognostic
performance of RECIP 1.0 for overall survival (OS) in patients
scheduled for RLT and imaged with ['*F][PSMA-1007 PET/CT.
Moreover, we also determined the associations of changes in PSA
values, quantitative changes derived from ['®F]PSMA-1007 PET,
and biochemical and imaging response systems (PCWG3 and
RECIP 1.0) with OS.

MATERIALS AND METHODS

Patient Cohort

In this single-center study, 172 patients with metastatic castration-
resistant prostate cancer (nCRPC) who were treated with ['7’Lu]Lu-
PSMA 1&T at the University Hospital of Wiirzburg were retrospectively
evaluated. Of these, 73 (42%) were eligible for inclusion in this study
because they had previously undergone ['*F][PSMA-1007 PET/CT and
had an interim scan after 2 cycles of RLT, and survival data were also
available. Eligibility criteria for RLT were as follows: prior therapy with
enzalutamide/abiraterone and chemotherapy or refusal of or deemed unfit
for chemotherapy, an Eastern Cooperative Oncology Group performance
status no greater than 2, and PSMA-positive disease as confirmed on
PSMA PET. Written informed consent was obtained from all subjects.
The local ethics committee waived the requirement for further approval
because of the retrospective nature of the study (waiver number
20220502 01). Parts of this cohort have already been reported previ-
ously (/5-20). However, the analysis of PSMA PET/CT imaging
before and after 2 cycles of RLT for association with OS in the context
of RECIP 1.0 was not previously included.

Therapy Work-up

Before the initiation of RLT and 6 wk after the second cycle
of RLT, all patients underwent a whole-body ['SF]PSMA-1007 PET
scan with CT for attenuation correction and anatomic coregistration.

A detailed description of radiotracer synthesis and imaging procedures
can be found in a previously published work (21).

PSA levels were measured at baseline and at follow-up. In addition,
blood samples were collected at each cycle for serum chemistry (PSA
level, creatinine, lactate dehydrogenase, aspartate aminotransferase,
alkaline phosphatase, and C-reactive protein) and routine hematology
(leukocytes, hemoglobin, and platelets). Samples were analyzed using
an automated hematology analyzer (XN-9000; Sysmex) and a fully
automated serum chemistry analyzer (Cobas; Roche Diagnostics) (19).
Patient histories were reviewed retrospectively from medical records.
For biochemical response, modified PCWG3 criteria were applied as
provided in Table 1 (5).

Image Analysis

PET/CT images were analyzed with Syngo.via software (VB60
datasheet; Siemens Healthineers) for visual interpretation and the
Beth Israel plug-in for FIJI (ImageJ) for segmentation (22). SUV yy,
SUVpeak, and SUV e, of all lesions, as well as the total-body PSMA-
avid tumor volume (PSMA-TV, in mL), were determined using a
semiautomatic algorithm with a fixed threshold SUV of 3. All lesions
were then reviewed by 1 expert reader, with inconclusive cases under-
going a second review by another expert reader. PSMA-TV was multi-
plied by SUV ean to calculate the total-lesion PSMA (TL-PSMA) (7).
Differences between baseline and follow-up were calculated as the
percentage increase or decrease for all quantitative PET parameters
and PSA levels. The RECIP 1.0 classification was used to define the
treatment response (Table 1) (8).

Treatment Protocol

['""Lu]Lu-PSMA I&T was synthesized as described previously (/6).
Every 6-8 wk, for a maximum of 8 cycles, patients received approxi-
mately 6.0 GBq of ['7’Lu]Lu-PSMA I&T. Patients with renal impair-
ment had an approximately 20% reduction in activity (20).

Statistical Analysis

GraphPad Prism 9.3.0 was used for statistical analysis. Data are pre-
sented as median and range. OS was defined as the time from interim
PSMA PET/CT to death (presented as median). Patients were consid-
ered to have PD in the combined assessment if they had PD according
to either RECIP 1.0 or PCWGS3 criteria or both. Univariable and multi-
variable Cox regression analyses were used to test for association with
0OS. Kaplan—Meier curves and log-rank tests were also performed. The

TABLE 1
RECIP 1.0 Classification (8,30) and Modified PSA Response According to PCWGS3 (5)
Disease stage Description
RECIP 1.0*
PD >20% increase of tumor volume with appearance of new lesions
StD <80% decrease in tumor volume with or without appearance of new lesions, or =30%

decrease in tumor volume with appearance of new lesions, or <20% increase in tumor
volume with or without appearance of new lesions, or =20% increase in tumor volume
without appearance of new lesions

Partial response
Complete response

>30% decrease in tumor volume without appearance of new lesions
Absence of any PSMA uptake on follow-up PET scan

PCWG3
PD =25% increase in PSA levels at interim PET
Response =50% decrease in PSA levels at interim PET

*New lesions were defined as tumor uptake of PSMA ligand higher than that of surrounding background, with SUV 5« higher than

blood-pool SUV,,ax, Which was not present at baseline PET.
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hazard ratio (HR) and 95% CI are presented. The Harrell C statistic
was used to compare Cox regression models for OS with higher
Harrell C values, indicating a better model fit (23). Statistical signifi-
cance was defined as a P value of less than 0.05.

RESULTS

Patient Characteristics

We included 73 patients with a median initial Gleason score of
9 (range, 6—10) and a median age of 72y (range, 46-88y). Sub-
jects were treated with a median of 4 cycles of [!7’Lu]Lu-PSMA
I&T (cumulative activity, 19.1 GBq; range, 11.2-50.9 GBq).
Median OS was 15 mo, and 31 patients had died at follow-up. The
median follow-up was 14 mo.

The median baseline PSA value was 107 ng/mL (range, 2.9—
3,590 ng/mL). Before initiation of RLT, nearly all patients (72/73,
98.6%) presented with bone metastases, 49 of 73 patients (67.1%)
showed lymph node metastases, and 28 of 73 patients (38.4%)
showed visceral metastases (21.9% liver and 15.1% lung). Prior
systemic treatments included antihormonal agents (73/73, 100%),
enzalutamide (58/73, 79.5%), abiraterone (50/73, 68.5%), and che-
motherapy (58/73, 79.5%).

PET quantification yielded the following median baseline
values: PSMA-TV, 730.7 cm’ (range, 5.0-3,301 cm3); TL-PSMA,
5,135 cm’® (range, 20.2-33,441 cm’); SUVinay 39.7 (range,
6.6-190.9); SUVpea, 19.3 (range, 4.3-94.1), and SUV,,eqn, 7.6
(range, 4.0-16.3) (Table 2).

Changes of PET-Based Parameters and PSA After 2 Treatment
Cycles

After 2 cycles of RLT with [!"’Lu]Lu-PSMA I&T, 30 of 73
(41.1%), 37 of 73 (50.7%), 61 of 73 (83.6%), 58 of 73 (79.5%),
and 62 of 73 (84.9%) patients showed a reduction of PSMA-TV,
TL-PSMA, SUV ., SUVpear, and SUVicay, respectively. Any
reduction of PSA levels was found in 49.3% of patients. Table 3
provides an overview of respective changes.

According to RECIP 1.0, 8 of 73 patients (11%) were classified
as partial response, 36 of 73 patients (49.3%) were classified as
stable disease (StD), and 29 of 73 patients (39.7%) were classified
as PD. According to the PCWG3 criteria, 22 of 73 patients
(30.1%) were classified as partial response, 18 of 73 patients
(24.7%) were classified as StD, and 33 of 73 patients (45.2%)
were classified as PD.

Changes in Tumor Volume Are Associated with OS

Univariable Cox regression analysis provided significant asso-
ciations with OS only for changes in serum PSA values (per per-
centage, HR, 1.004; 95% CI, 1.002-1.007; P = 0.001) and
changes in PSMA-TV (per unit, HR, 1.003; 95% CI, 1.000-1.005;
P = 0.03). Any PSA decrease (HR, 0.50; 95% CI, 0.23-1.09;
P = 0.08) and a PSA decrease of greater than 50% (HR, 0.43;
95% CI, 0.17-0.97; P = 0.05) slightly failed to reach significance.
The change in TL-PSMA showed no relevant link to OS, and the
appearance of new lesions (P = 0.24) was also not significantly
associated with shorter survival (P = 0.10).

In a multivariable Cox regression analysis with an adjustment
for a change in PSMA-TV and the appearance of new lesions, the
change in serum PSA levels (per percentage, HR, 1.004; 95% CI,
1.000-1.006; P = 0.03) remained an independent variable for OS
(Table 4).
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TABLE 2
Patient Characteristics

Parameter Data
Clinical variables
Age at first cycle of PSMA 72 (46-88)
RLT (y)
Intervalpiagnosis-rLT (MO) 77 (9-274)
Treatment cycles per patient 4 (2-8)
Cumulative activity (GBq) 19.1 (11.2-50.9)
Gleason score 9 (6-10)

Baseline laboratory values
PSA (ng/mL)
CRP (mg/dL)

107.0 (2.9-3,590)
0.42 (0.1-12.7)

LDH (U/L) 245.0 (152-593)
Hemoglobin (g/dL) 12.0 (7.7-14.8)
AP (U/L) 127.0 (39.0-3,330)

PSMA-TV (cm®)
TL-PSMA (cm®)

730.7 (5.0-3,301)
5135 (20.2-33,441)

SUVmax 39.7 (6.6-190.9)

SUVpeak 19.3 (4.3-94.1)

SUVpean 7.6 (4.0-16.3)
Sites of metastases (n)

(total n = 73)

Bone 72 (98.6%)

Lymph node 49 (67.1%)

Visceral 28 (38.4%)

Liver 16 (21.9%)

Lung 11 (15.1%)
Prior treatments (%)

Radical prostatectomy 411

Primary radiation therapy 13.7

to prostate

Antihormonal treatment 100

Enzalutamide 79.5

Abiraterone 68.5

Chemotherapy 79.5

225Ra 2.7

Intervalpiagnosis-rLt = time between initial diagnosis and first
RLT; CRP = C-reactive protein; LDH = lactate dehydrogenase;
AP = alkaline phosphatase.

Continuous data are median and range

RECIP 1.0 and PCWGS3 Can Identify Patients Experiencing
Treatment Failure

Using RECIP 1.0 and PCWG3 classification in a Cox regression
analysis, framework-defined PD was also associated with shorter
OS for PCWG3 PD (HR, 2.3; 95% CI, 1.02-5.1; P = 0.04) or
PD on the basis of PCWG3 and RECIP 1.0 (HR, 3.3; 95% ClI,
1.5-7.8; P = 0.004). RECIP 1.0 PD (HR, 2.1; 95% CI, 0.96-4.6;
P = 0.06), however, failed to reach significance. The combination
of PCWG3 and RECIP 1.0 also showed the highest C-index of
0.69 (0.60 for RECIP 1.0 and 0.63 for PCWG3; Table 4).
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TABLE 3
Change After 2 Cycles of RLT

Variables Data Reduction

Change in PSMA-TV  +27.2 (—66.9-8,934) 30 (41.1%)

(cm®)

Bone +28.1 (=71.4-1,699)

Lymph node —21.8 (—100-5,835)
Change in TL-PSMA —0.8 (—86.6-5,627) 37 (50.7%)

(cm®)
Change in SUV jax —30.1 (—83.7-43.7) 61 (83.6%)
Change in SUVeax —31.6 (—86.7-60.3) 58 (79.5%)
Change in SUVnean —25.5 (—71.3-38.1) 62 (84.9%)
Change in PSA +1.9 (—99.1-870) 36 (49.3%)

Continuous data are median and range. Quantitative data are
number of patients and percentage.

Kaplan—Meier analyses confirmed those findings by providing
significant segregation between individuals without versus those
with PCWG3 PD (19mo vs. 9mo; HR, 2.29; 95% CI, 1.03—
5.09; P = 0.01) and between individuals without versus those
with combined (RECIP 1.0 and PCWG3) PD (19mo vs. 8§ mo;
HR, 2.78; 95% CI, 1.32-5.86; P = 0.002; Fig. 1). RECIP 1.0
alone, however, could not significantly differentiate between indivi-
duals without versus those with PD (P = 0.08). Moreover, we
observed significant survival differences in patients with versus
those without a PSA response of greater than 50% (17mo vs.
14mo; HR, 2.17; 95% CI, 1.07-4.43; P = 0.04) and in patients
with versus those without any PSA response (19mo vs. 14mo;
HR, 2.00; 95% CI, 0.95-4.18; P = 0.04). The appearance of new
lesions on PET failed to reach significance (P = 0.11; Supple-
mental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org).

In 40 patients, who were classified as non-PD according to the
PCWG3 criteria, RECIP 1.0 PD was recorded in 5 individuals
(12.5%). These 5 subjects showed an OS that was significantly
shorter than that of RECIP 1.0 non-PD patients (7mo vs. 19 mo;
HR, 3.06; 95% CI, 0.59-15.9; P < 0.02). In contrast, 44 subjects
were classified as non-PD according to RECIP 1.0, but 9 patients
(20.5%) would have been classified with PD following the PCWG3
criteria. The survival difference was even more pronounced using the
PCWG3 criteria (3mo vs. 19mo for PD and non-PD, respectively;
HR, 6.09; 95% CI, 0.86—43.0; P < 0.001; Supplemental Fig. 2).

DISCUSSION

When the frameworks for PSA (PCWG3) and PSMA PET
response (RECIP 1.0) were applied, patients with PCWG3 PD had
an OS that was significantly shorter than that of non-PD patients,
whereas this was not significant for RECIP 1.0. The combination
of both classifications, however, provided the most accurate evalu-
ation of identifying patients not responding to RLT.

Comparable to previous findings in a mixed cohort imaged with
%8Ga- and '®F-labeled PSMA PET (8), the present study indicates
that established biochemical and PET response systems are also
applicable to a cohort of men imaged exclusively with '8F-labeled
agent PSMA-1007.

In approximately 50% of our patients, we observed a PSA
reduction after 2 cycles of PSMA RLT, which was significantly
associated with improved OS. This confirms the results of a previ-
ous metaanalysis (24) and highlights the overall importance of
PSA response in patients undergoing PSMA RLT. Furthermore,
blood collection was performed after 2 cycles (i.e., 13—-14 wk
after initiation of RLT), which is in line with the recommended
timing of the PCWGS3 criteria (5). Interestingly, any PSA response
and a PSA reduction of at least 50% (indicative for response
according to the PCWG3 criteria (5)) yielded comparable results
for survival.

Beyond biochemical investigations, we also analyzed the per-
centage changes of TL-PSMA and PSMA-TV, and only the latter

TABLE 4
Univariable and Multivariable Cox Regression
Univariable Multivariable
Parameter HR 95% CI C-index P HR 95% CI P
Change in PSMA-TV (%) 1.003 1.000-1.005 0.68 0.03 1.001 0.9972-1.004 0.62
Change in TL-PSMA (%) 1.002 1.000-1.004 0.65 0.13
Change in SUVpean (%) 1.000 0.9800-1.018 0.51 0.90
Change in SUVpeax (%) 1.005 0.9945-1.015 0.54 0.34
Change in SUVyax (%) 1.005 0.9923-1.017 0.54 0.46
Change in PSA (%) 1.004 1.002-1.007 0.69 0.001 1.004 1.000-1.006 0.03
New metastases 1.902 0.8780-4.249 0.60 0.10 1.023 0.4469-2.536 0.96
RECIP 1.0 PD* 2.100 0.9611-4.590 0.60 0.06
PCWG3 PD* 2.288 1.018-5.100 0.63 0.04
RECIP+PCWG3 PD* 3.297 1.493-7.791 0.69 0.004
Any PSA response 0.5026 0.2278-1.092 0.61 0.08
PSA response >50% 0.4339 0.1720-0.9728 0.63 0.05

*Tested vs. all non-PD patients in entire cohort.
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FIGURE 1. Kaplan-Meier analyses of patients grouped according to

RECIP 1.0, PCWGS3 PSA, and combined assessment for PD or non-PD.
Patients with PD according to RECIP 1.0 (OS, 9mo vs. 17mo) (A),
PCWG3 PSA (OS, 9mo vs. 19mo) (B), and combined PD (OS, 8 mo vs.
19mo) (C) showed shorter OS. However, only segregations based on
PCWG3 and PCWGS3 with RECIP 1.0 reached significance.

metric showed a significant association with OS in a univariable
analysis but missed significance in a multivariable model. This
is in contrast to findings published by Grubmiiller et al., whose
evaluation was not conducted after 2 cycles of RLT (as in the pre-
sent study) but at the end of therapy (25). Rosar et al. used a
classification with a cutoff of +30% and —30% for PSMA-TV or
TL-PSMA to define PD and partial response, whereas StD was
defined as changes between those cutoffs. Using that classification,
they reported that patients with StD or PD based on TL-PSMA
had a higher risk of death (HR, 2.76), whereas PSA response
according to the PCWG3 criteria did not reach significance (26).
Those discrepant findings relative to our results, however, may be
partially explained by the different radiotracers used for imaging
([°®Ga]Ga-PSMA-11) and treatment (['7’Lu]Lu-PSMA-617) when
compared with the current study (['*F]PSMA-1007 and ['7’Lu]Lu-
PSMA 1&T). As such, future investigations may also determine the
prognostic value of PET-based quantification under RLT but
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focusing on other also clinically relevant theranostic pairs, for exam-
ple, "®F-piftufolastat (Pylarify; Lantheus) combined with ['7"Lu]Lu-
PSMA-617. Moreover, the intensity of PSMA expression may also
be crucial in the context of OS prognostication (27). For instance, in
['"7Lu]Lu-PSMA-617—treated individuals, only PSMA PET with a
certain level of target expression may be suited for outcome predic-
tion when PSMA-TV reduction is considered (28). Of note, in
our study, respective quantitative parameters such as SUV ¢, or
SUV e Were still substantially elevated.

In the cohort used to establish RECIP 1.0 response, the best cut-
off for progression was defined as a 20% increase of PSMA-TV,
whereas the most appropriate threshold for response was set by a
30% reduction (using [*®Ga]Ga-PSMA-11 and ['®F]thPSMA-7/
7.3). OS was improved in patients with RECIP 1.0 partial response
and StD compared with OS in patients with RECIP 1.0 PD (8).
Those results were confirmed in a mixed cohort of [*3Ga]Ga-
PSMA-11 and ['*F]PSMA-1007, with patients with PD having a
significantly shorter OS than patients without PD (HR, 2.69) (29).
In our cohort only including patients imaged with ['F]JPSMA-
1007 PET, we cannot fully confirm the prognostic ability of
RECIP 1.0 as survival was prolonged in patients with non-PD but
without reaching significance relative to that with RECIP 1.0 PD.
Hence, ours and previous findings (8,29) indicate that this frame-
work may be useful for identifying subjects prone to PD, but
reevaluation may be required, for example, if PSMA PET radiotra-
cers other than those discussed herein are used.

In patients with PCWG3-based non-PD, almost 13% of the
patients had RECIP 1.0 PD with an OS inferior to that of patients
without PD, which is virtually identical to the 14% reported by
Gafita et al. (8). Interestingly, in our cohort, 4 of these 5 patients
showed reduction in PSA values but not by 50% or greater. In
contrast, approximately 20% of patients with RECIP 1.0—classified
non-PD were classified with PCWG3 PD and also showed inferior
OS. As such, those discordant assignments to the PD versus non-
PD groups based on PCWG3 and RECIP 1.0 along with outcome
differences emphasize that one system alone may not be sufficient
to identify high-risk patients prone to therapeutic failure. In this
regard, a previous study has also shown that the prognostic ability
for PD as defined by PSA is slightly inferior to that by RECIP 1.0
or the combination of PSA and RECIP 1.0 (8). In our cohort, the
prognostic ability for PD as defined by RECIP 1.0 was inferior to
that with PCWG3 criteria and, in particular, with a combination of
PCWG3 and RECIP 1.0, which achieved the best prognostic value
(C-index, 0.69). Thus, our results may favor a more widespread
adoption of combined PSA and PSMA evaluations (PCWG3 and
RECIP 1.0) in the clinic or in future trials.

It is noteworthy that the RECIP 1.0 definitions use the appear-
ance of new lesions to define progression. Occurrence of new
metastases, however, does not necessarily indicate PD if tumor
volume is stable, and this criterion has been incorporated in this
framework to avoid overstaging (8). Of note, this approach is also
supported by our findings, as new metastases on PET alone were
not associated with shorter OS.

Limitations include the retrospective character of this study and
the small number of patients in certain subcategories, for example,
between patients with new lesions versus no new lesions or
between PSA-based responders and nonresponders. However, our
findings indicate that for ['*FJPSMA-1007, RECIP 1.0 response
alone should be used with caution. In this regard, a combination of
PSA and molecular imaging response classifications is most suit-
able to identify subjects prone to treatment failure. Nonetheless,
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quantitative assessments are time-consuming, and thus, our investiga-
tion may be repeated using the recently proposed visual RECIP 1.0 (30).

CONCLUSION

In men undergoing PSMA RLT and imaged with ['*F]PSMA-
1007 PET, changes in PSA levels, but not PSMA-TV, emerged
as an independent prognosticator for OS. In the context of
['®F]PSMA-1007, treatment evaluation may rather not be con-
ducted based only on RECIP 1.0. A dual-response assessment
using criteria from PCWG3 and RECIP 1.0, however, provided
the best prognostic ability to identify patients with mCRPC at risk
of PD. Taken together, ours and previous findings highlight the
clinical relevance of structured biochemical and imaging response
assessments in patients scheduled for RLT.
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KEY POINTS

QUESTION: Can biochemical (changes in PSA levels according to
PCWG3) and image-based response criteria (applying RECIP 1.0)
predict OS in prostate cancer patients treated with ['””Lu]Lu-
PSMA I&T and imaged with ['®F]PSMA-1007 PET?

PERTINENT FINDINGS: PCWGS3 criteria were able to distinguish
PD versus non-PD individuals, but the combination of PCWG3
and RECIP provided the strongest prognostic value.

IMPLICATIONS FOR PATIENT CARE: In patients with prostate
cancer treated with ['7”Lu]Lu-PSMA I&T, the combination of
PCWG3 and RECIP 1.0 (from ['®F]PSMA-1007 PET) can identify
subjects prone to PD, thereby emphasizing the importance of
biochemical and image-based standardized response assessment.
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The aim of this study was to investigate the accuracy of single-time-
point (STP) renal dosimetry imaging using SPECT/CT data, a nonlinear
mixed-effects (NLME) model, and a population-based model selection
(PBMS) in a large population for '77Lu-labeled prostate-specific mem-
brane antigen therapy. Methods: Biokinetic data (mean * SD)
of ["""Lu]Lu-PSMA-617 in kidneys at time points 1 (1.8 +0.8h),
2(18.7+0.9h),3(42.6 £1.0h), 4 (66.3 =0.9h), and 5 (160.3 == 24.2 h)
after injection were obtained from 63 patients with metastatic
castration-resistant prostate cancer using SPECT/CT. Thirteen
functions were derived from various parameterizations of 1- to
5-exponential functions. The function’s parameters were fitted in the
NLME framework to the all-time-point (ATP) data. The PBMS NLME
method was performed using the goodness-of-fit test and Akaike
weight to select the best function fitting the data. The best function
from ATP fitting was used to calculate the reference time-integrated
activity and absorbed doses. In STP dosimetry, the parameters of a
particular patient with STP data were fitted simultaneously to the STP
data at different time points of that patient with ATP data of all other
patients. The parameters from STP fitting were used to calculate the
STP time-integrated activity and absorbed doses. Relative deviations
(RDs) and root-mean-square errors (RMSEs) were used to analyze the
accuracy of the calculated STP absorbed dose compared with the ref-
erence absorbed dose obtained from the best-fit ATP function. The
performance of STP dosimetry using PBMS NLME modeling was
compared with the Hanscheid and Madsen methods. Results: The func-
tion A, e~ (M Fhons)t +As e~ +)‘F*’VS)t—A3 e (s +)“*'V5)t—(A1 + Ao —Ag)
e~ (vt hms)t was selected as the best-fit ATP function, with an Akaike
weight of 100%. For STP dosimetry, the STP measurement by
SPECT/CT at time point 3 (42.6 = 1.0h) showed a relatively low mean RD
of —4.4% * 9.4% and median RD of —0.7%. Time point 3 had the low-
est RMSE value compared with those at the other 4 time points. The
RMSEs of the absorbed dose RDs for time points 1-5 were 23%, 16%,
10%, 20%, and 53%, respectively. The STP dosimetry using the PBMS
NLME method outperformed the Hanscheid and Madsen methods for all
investigated time points. Conclusion: Our results show that a single mea-
surement of SPECT/CT at 2 d after injection might be used to calculate
accurate kidney-absorbed doses using the NLME method and PBMS.

Received Jul. 5, 2023; revision accepted Jan. 23, 2024.

For correspondence or reprints, contact Deni Hardiansyah (denihardiansyah@
ui.ac.id).

*Contributed equally to this work.

Published online Feb. 29, 2024.

COPYRIGHT © 2024 by the Society of Nuclear Medicine and Molecular Imaging.

566

Key Words: STP dosimetry; Akaike weight; model selection; NLME
modeling; PSMA

J Nucl Med 2024; 65:566-572
DOI: 10.2967/jnumed.123.266268

Molecular radiotherapy targeting the prostate-specific mem-
brane antigen (PSMA) is a promising palliative treatment option
in patients with metastatic castration-resistant prostate cancer (/),
using the overexpression of the PSMA in prostate cancer cells (2).
['"7Lu]Lu-PSMA-617 has shown high treatment efficacy and tol-
erability in both phase II (3—5) and phase III (6) trials. Although
['77Lu]Lu-PSMA-617 therapy is generally well tolerated, several
organs, such as kidneys, salivary glands, and bone marrow, are
considered organs at risk (7). It has been reported that renal and
hematopoietic toxicity are the main side effects of [!7’Lu]Lu-
PSMA therapy and peptide receptor radionuclide therapy (8). Fur-
thermore, the established kidney tolerance dose of 23 Gy based on
data from external radiation therapy (5) constitutes the main dose-
limiting factor for repeated treatment over multiple cycles. Thus,
various protocols for kidney protection using amino acids (9) and
dosimetry during ['77Lu]Lu-PSMA therapy have been developed.

Calculation of the absorbed dose in molecular radiotherapy
dosimetry is based on the time-integrated activity (TIA) and the
dose factor (10). Estimating individual absorbed doses in molecu-
lar radiotherapy is desirable for therapy optimization and kidney
protection. However, the individual absorbed dose is often not cal-
culated in routine clinical practice, as it needs repeated imaging to
determine the TIA (/1,12). This repeated imaging corresponds to
a high workload and additional patient burden, requiring several
patient visits. Therefore, a method with fewer imaging sessions is
highly desirable.

The feasibility of using a reduced number of imaging data per
patient for TIA determination has been investigated for ['”’Lu]Lu-
PSMA therapy (13,14), peptide receptor radionuclide therapy (/5—24),
radioiodine therapy (25,26), and radioimmunotherapy (27). One of the
favorable approaches for dosimetry based on single-time-point (STP)
imaging data is the nonlinear mixed-effects (NLME) method (28). For
STP dosimetry, it has been shown (/7) that the application of NLME
modeling resulted in a low number of TIAs with an error exceeding
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10% compared with the all-time-point (ATP) TIAs. The percentage of
TIAs with a 10% error was approximately 3 times lower than that
using the dose mapping methods introduced by Hanscheid et al. (/8)
and the curve-fitting methods introduced by Madsen et al. (23).
Recently, the implementation of NLME and a physiologically
based pharmacokinetic model in STP dosimetry could lead to an
accurate determination of TIAs in various organs, including kid-
neys and tumors (7).

Although NLME modeling in STP dosimetry has shown prom-
ising results, it has thus far been implemented only in populations
with relatively few patients (i.e., 10 (/7) or fewer (/7) patients).
Implementation of the technique in larger patient populations is
needed to validate the concept and increase the statistical signifi-
cance of the accuracy of STP dosimetry with NLME modeling. In
addition, identifying the optimal fit function through a population-
based model selection (PBMS) (29) with large patient populations
is highly desirable for increasing reproducibility. Therefore, in this
study, we implemented a PBMS method in the NLME framework
to identify the best model describing the [!”’Lu]Lu-PSMA-617
biokinetic data in kidneys and performed STP dosimetry using
NLME modeling in a larger population of 63 patients.

MATERIALS AND METHODS

Biokinetic Data

In brief, biokinetic data of ['”’Lu]Lu-PSMA-617 in kidneys from
63 patients with metastasized castration-resistant prostate cancer in the
first treatment cycle were used in this study (8,30). A ['7"Lu]Lu-
PSMA-617 activity with a median of 6 GBq/cycle was administered
intravenously to the patients, followed by SPECT/CT imaging mea-
surements (mean * SD) at time points 1 (1.8 £ 0.8 h), 2 (18.7 = 0.9
h), 3 (42.6 = 1.0 h), 4 (66.2 = 0.9 h), and 5 (160.3 = 24.2 h) after
injection. Acquisitions were performed on a SPECT/CT scanner
(BrightView XCT; Philips Healthcare) using a medium-energy
general-purpose collimator. An energy window of =10% around the
208-keV peak was used for the measurements. Cone-beam CT scans
with 30 mAs at 120 kV were used for attenuation correction. Scatter
was corrected during reconstruction with the vendor implementation
of the effective-scatter source estimation method (37). SPECT was
reconstructed using the ordered-subsets expectation maximization
algorithm without resolution recovery (8). The calibration factor for
"77Lu was measured using the National Electrical Manufacturers
Association image-quality phantom. The calculated calibration factor
for the imaging protocol used was 9.9 = 0.4 cps/MBq. Kidney seg-
mentation and analysis were done using the software package Rover
ABX (ABX Advanced Biochemical Compounds GmbH) (32). The
kidneys were delineated on CT images. At each time point, the activity
was measured in both the left and the right kidneys. To compensate
for spill-out effects caused by the limited resolution of the SPECT sys-
tem, all segmented kidney volumes of interest were extended by 2
SPECT voxels in all directions. The enlargement factor was deter-
mined by a phantom study. Finally, the fraction of injected activity in
both kidneys was used in this study. The institutional review board
(vote no. 326/18) approved the retrospective study, and all subjects
gave written informed consent.

Fit Function Set: Sums-of-Exponential (SOE) Functions
The following SOE functions were used to describe the biokinetics
of ['""Lu]Lu-PSMA-617 in kidneys (Eqgs. 1-13).

folt) = Ay Qo Fhome)t Eq. 1
f(1) = Aye” M F X )t g o= (2 + M)t Eq. 2
ﬁla(t) :Ale*()\l + Nphys ) +A267(}‘2 + Nphys )1 Eq. 3
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where f; is a fit function, with i being the total number of estimated para-
meters; A;(j=1,2,3,4) are the coefficients of the respective exponential
terms; \;(j = 1,2,3) are the biologic clearance or uptake rates of the radio-
pharmaceutical in the kidneys; Ay is the rate of blood circulation set
t0 Ape = :“[flz‘, and Apnys is the physical decay constant of 7w
(Aphys = In(2) /half-life, with the '"’Lu half-life of 6.6443 d (33)). The 4;
and A; parameters were constrained to have values greater than 0.

Prior knowledge of radiopharmaceutical kinetics was used as the
foundation of the chosen functions and constraints in this study, as
suggested by Burnham et al. (34). Therefore, the following were
implemented: only SOE functions were considered (35,36); a con-
straint of f;(t = 0) = 0 was used, except for f; and fj,; a rapid increase
in activity in the kidneys with a half-life of 1 min (In(2)/Ay) was
added, which is caused by the blood circulation time in humans
(29,37); and the radioactive decay was considered as an exponential
factor (38—40). The functions f, and f3 were added for comparison, as
these mono- and biexponential functions, respectively, are often used
in the literature (18,23,35).

Study Workflow

Figure 1 shows the workflow of the study. The parameters of the
SOE functions (Egs. 1-13) were fitted to the ATP biokinetic data of
['""Lu]Lu-PSMA-617 in kidneys (Biokinetic Data section) using the
NLME method (Supplemental Eqgs. 1-3) (41,42). In this study, para-
meters of the SOE functions in Equations 1-13 were modeled as a
combination of fixed and random effects. NLME model fittings and
simulations were performed in MATLAB software, version R2020a
(https://www.mathworks.com/help/stats/nlmefitsa.html). The PBMS
NLME approach was used to select the best-fit SOE function describ-
ing the data (43). The fittings were randomly repeated 1,000 times to
find the best-fit starting values. The SOE function passing the
goodness-of-fit test (Supplemental Eqs. 4-6) (35,44,45,47) with the
highest Akaike weight was selected as the fit function most supported
by the data (35,43,48).

The best-fit SOE function from the model selection and ATP fitting
was then used to calculate the reference TIA (Fig. 1). Calculation of
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calculated according to
| Kidneys, 63 patients, 315 biokinetic data |
sAD;—rAD
Model selection STP fitting RDy = —— 5 Eq. 16
RMSE; = \/ (SDRD;)? + (mean RDy)?,
Fit various SOE Eq. 17
functions, NLMEM
where sAD is STP absorbed dose, rAD is refer-
L ence absorbed dose, RD; is the RD of the STP
Repeal each fitting method at time point £, RMSE is the root-mean
=1,000x square of RDy over all patients, and SDRDy is the
SD of RDy. The reference TIA was computed
3 through population fitting, using a notably high
Model selection: parameter-to-data ratio within our dataset, specifi-
Goodn:::;:ft },’l“g cally 315 data points and 13 parameters (Table 1).
AlCe In contrast, individual patient fitting using a
monoexponential function as in the Hanscheid
l and Madsen methods uses a significantly lower
ratio, such as 3 data points and 2 parameters. This
Sesttpondied rodd) results in a higher uncertainty of the resulting
[ TIA.
L2
TIA sTIA RESULTS
l l The NLME fittings for functions fi;, f5.
Jsb, fobs foer foa» f1o, and f7;, did not pass the
— i — " -~ goodness-of-fit test. On the basis of the
PBMS NLME method, the function fs, was

FIGURE 1.

sAD = STP absorbed dose; sTIA = STP TIA.

the TIAs was based on the analytic solution of the SOE functions. In
STP dosimetry, the parameters of a specific patient with STP data
were fitted simultaneously to the STP data at different time points of
that patient with all data points of all other patients.

The STP dosimetry methods introduced by Hanscheid et al. and
Madsen et al., which have been widely adopted in STP studies
(20,22,49-51), were implemented in this study for comparison. The
methods were initially used to describe the biokinetics of ['”’Lu]Lu-
DOTATATE/TOC and [*°Y]Y-DOTATOC (18,23). In this study, the
methods were assumed to be applicable for [!”’Lu]Lu-PSMA-617.
The corresponding TIAs for the Hanscheid and Madsen methods were
calculated using the following equations:

Hinscheid TIA; = 4(#;) X 2t Eq. 14
ns 1 i = i — .
dnsche Q) q
okt
Madsen TIA; = A(t;) X - Eq. 15

where A(z;) is the activity measured at time point 7, #; is the time of mea-
surement i, and k is the population effective clearance rate constant calcu-
lated using the leave-one-out method.

The S value of 2.93 X 107> Gy X min~' X MBq ' (46,52) for
male patients was used to calculate the absorbed dose using NLME
ATP fitting (reference absorbed doses), NLME STP fitting (STP
absorbed doses), and the STP Hanscheid and Madsen methods.

Relative deviations (RDs) and root-mean-square errors (RMSEs) were
used to analyze the accuracy of the calculated STP absorbed doses, STP
Hanscheid method, and STP Madsen method with the reference
absorbed doses as the reference. The RDs and the RMSEs were

568

Workflow of study. PBMS NLME approach was used to select best fit function based
on goodness of fit and Akaike weight. Reference absorbed doses were based on ATP fittings using
best-fit function. STP absorbed doses were calculated analogously using only STP data for investi-
gated patient. RDs and RMSEs were used to analyze accuracy of STP absorbed doses against refer-
ence absorbed doses. AIC. = corrected Akaike information criterion; i = time point; N = total
number of patients; NLMEM = PBMS NLME; rAD = reference absorbed dose; rTIA = reference TIA;

selected as the best-fit function, with an
Akaike weight of 100% (Table 1; Supple-
mental Fig. 1; supplemental materials are
available at http:/jnm.snmjournals.org). The
estimated fixed-effect values are presented in
Table 2. The estimated random-effect values
ranged from 0.08 to 0.52. The intraindividual
variability (¢ in Supplemental Eq. 3) was
0.079. Figure 2 shows the percentage RD of the TIAs from ATP fit-
ting with functions f, f3, fi,, and f;. to the TIAs from ATP fitting
with function fg,. The mean percentage RDs in Figure 2 are 1.3% =
14.4%, 1.1% * 14.2%, 0.1% = 1.9%, and 0.2% = 2.0% for func-
tions f5, f3, fa, and f;,, respectively.

Figure 3 shows the population RD of the absorbed dose for STP
dosimetry at different time points. The mean of the population RD
for STP dosimetry is shown in Supplemental Table 1. The medi-
ans of the population RD for STP dosimetry at time points 1-5
were —2% (range, —55% to 59%), —4% (range, —53% to 10%),
—0.7% (range, —39% to 20%), —0.1% (range, —32% to 106%),
and 0.4% (range, —40% to 348%), respectively. The RMSE
values of the absorbed dose RDs for time points 1-5 were 23%,
16%, 10%, 20%, and 53%, respectively. Thus, the STP dosimetry
at time point 3 has the lowest mean RD and RMSE values.

Use of STP dosimetry with the PBMS NLME method outper-
formed the Hanscheid and Madsen methods for all time points
(Fig. 3; Supplemental Table 1). The STP NLME model at time
point 3 could not accurately calculate the TIA in a few outlier
patients (outside the mean *= 2 SDs of the RD), that is, patients
12, 36, 41, and 44, with absorbed dose RDs of 26%, 39%, 23%
and 29%, respectively (Fig. 4).

DISCUSSION

In this study, 315 biokinetic data were used and the SOE func-
tion ]%a(t) = Al ei()\' + Nphys)¢ + AZ 670‘2 + )\phys)’—A3 e*()\.? + Nphys )t
(A1 + Ay —A3) e= Mot o)t yyag selected from the PBMS NLME
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TABLE 1
PBMS with NLME Model Results for ATP fitting

Function Maximum Maximum absolute off-diagonal Akaike

Equation no. name K* percentage cvt correlation matrix element weight (%)*
1 fa 5 25 0.21 45x107%
2 f3 7 -5 -5 —

3 f1a 9 41 0.43 1.3x10° "
4 fap 9 -5 -5 —

5 fac 9 41 0.43 23x107"®
6 fsa 11 156 0.37 —

7 fsp 11 120 0.73 —

8 fea 13 44 0.03 100

9 fob 13 107 0.66 —

10 foc 13 59 0.85 -

11 fod 13 11,836 0.47 —

12 f7a 15 54 0.75 -

13 78 15 2 x10%° 0.59 —

*Number of parameters of NLME model for corresponding SOE function.
TMaximum percentage CV of fitted parameters for corresponding SOE function (percentage CV was calculated as

exp(w?)—1Xx100% (42), with w? being variance of fixed effect).

*Akaike weight indicates probability with which this function best describes data from analyzed set of functions. Only those SOE
functions with percentage CV < 50 and a maximum absolute off-diagonal correlation matrix element < 0.8 were considered.

SRandom-effect value w? of parameter \, was not identifiable.
Total number of kidney biokinetic data used in this analysis is 315.

method based on the goodness-of-fit test and Akaike weight of
100% (Table 1). The SOE function fs, shows 2 uptake and clear-
ance phases of the radiopharmaceutical in kidneys. This function
shows a higher parameter-to-data ratio in our patient population
than the frequently used monoexponential function in the literature
(Fig. 2) (18,23). The total number of exponential terms and para-
meters in this study for ['7’Lu]Lu-PSMA-617 (4 exponentials and
6 parameters) is higher than found in our recent study for
[""7Lu]Lu-PSMA-I&T (4, e~ T o)t + 4, ¢~ (oms)? [2 exponen-
tials and 3 parameters]) (43). These differences can be attributed

to the total number of data and the schedule and range of the mea-
surements between the studies, that is, 315 biokinetic data of
['7Lu]Lu-PSMA-617 measured between 0.7h after injection and
236h after injection (this study) versus 46 biokinetic data of
[177Lu]Lu-PSMA-I&T measured between 0.5h after injection and
168 h after injection (43). This shows that adding more data cover-
ing a broader time range is beneficial as it allows the identification
of a function with a larger number of parameters. This function
should in turn be able to better reflect the biokinetics of the
radiopharmaceutical.

TABLE 2
Parameters Estimated from ATP Fitting Obtained from Best Function Derived Using PBMS with NLME Modeling (i.e., fsa)

Model parameters (unit)

Fixed effect (percentage CV)

Random effect
(variance, interpatient variability)

A1 (percentage IA) 1.64 (29.8) 0.22
A, (percentage IA) 0.84 (27.2) 0.16
A3z (percentage |A) 0.49 (43.6) 0.38
A* (1/h) 6.03x 1072 (31.3) 0.30
AT (1/h) 9.07 X 102 (22.6) 0.08
Ast (1/h) 7.19%x 1072 (42.5) 0.52
Intrapatient variability (@ in Supplemental Eq. 3) 0 0.079

*Biologic clearance rate A1 corresponds to half-life of 11.5h.
TBiologic clearance rate \, corresponds to half-life of 76.4 h.
1Biologic uptake rate A3 corresponds to half-life of 9.63 h.
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FIGURE 2. RD values of TIAs
obtained from ATP fitting using func-
tions £y, f3, 45, and f,. to TIAs obtained
from ATP fitting using best function
according to PBMS NLME method,
that is, fg;. Box plots show median,
25th and 75th percentiles, whiskers at
5th and 95th percentiles, and outliers.
Percentage RDs for functions fy, or fac
are relatively small because of marginal
contribution of uptake phase. Function
f3 was added for comparison in Figure
2, as this function is often used in the
literature (77,35,39). For broad range of
covered sampling times after injection
in population investigated here, single

It has been shown that STP
data at 48h after injection
would lead to a relatively accu-
rate prediction of kidney TIAs
for ['”7Lu]Lu-PSMA (20). For
[7Lu]Lu-PSMA-I&T  ther-
apy, simulation results by
Rinscheid et al. showed STP
data at around 52 h after injec-
tion as the optimal time point
for calculating kidney TIAs
(14). This work identified time
points 2 and 3, having a rela-
tively low mean and median
RD of absorbed doses (Fig. 3)
in our [""Lu]Lu-PSMA-617
dataset. Time point 3 (42.6 =
1.0 h) was identified as having
the lowest RMSE value. Time
point 3 in our study for kidneys
is consistent with the optimal
time point for STP dosimetry
reported in the literature
(14,20).

biologic elimination phase (as is also

The percentages of the total
case for f,) is insufficient.

number of patients with abso-
lute RDs higher than 10% for
STP dosimetry using time points 1-5 were 59% (n = 37), 40% (n =
25), 24% (n = 15), 35% (n = 22), and 38% (n = 24), respectively
(Supplemental Table 1). Time point 3 was selected as optimal for STP
dosimetry as it has the lowest RMSE and mean RD value. Therefore,
PBMS NLME and STP imaging of [!”’Lu]Lu-PSMA-617 kinetics
might be used to determine absorbed doses

in kidneys accurately, with only 4 outliers

q20-—L—L 1 1} 1001131
Hénscheid

'120Illll:_!"“‘f'l"llllll
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FIGURE 3. RD values of TIAs obtained using PBMS NLME (NLMEM)
function fs, (Eg. 8), Hanscheid method (Eq. 14), and Madsen method (Eg.
15) for STP dosimetry at time points 1-5. TIAs from ATP fittings calculated
using PBMS NLME function fs, were used as reference values. Box plots
show median, 25th and 75th percentiles, whiskers at 2.5th and 97.5th per-
centiles, and outliers. TP = time point.

In this study, calculation of the absorbed dose was based on the
self-dose. The kidney non-self-dose has been reported to contribute
up to 10% to the kidney dose for ['7’Lu]Lu-DOTATATE (53).
Therefore, further study is needed to investigate how to add the
non-self-dose using STP dosimetry with the PBMS NLME method.

NLME modeling uses a population pharmacokinetic approach,
wherein instead of individually fitting the data from each individual,
all data within the population are simultaneously fitted. The benefit
of using NLME models is that they do not require the data to be
comprehensive or densely sampled, as is often the case in nonlinear

(RDs outside the threshold of mean *= 2

SDs) at time point 3 (Fig. 4).

The fractions of percentage RDs lower
than 10% for STP dosimetry at time point
3 using the methods of Hanscheid et al.
and Madsen et al. were 0.44 and 0.41,
respectively, whereas the best model
according to the PBMS NLME approach
demonstrated that the fraction of percent-
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age RDs lower than 10% for STP dosime- 0 50
try at time point 3 was 0.76. This finding
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aligns with the literature, suggesting that 4 —
NLME modeling can reduce the number of
patients with a percentage RD lower than 3
10% calculated using the Hanscheid and
Madsen methods (/7). One contributing
factor to these results is the use of monoex-
ponential functions (f3) (18,23). The mono- 14
exponential function had a lower quality in
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)
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n
—d

describing the biokinetic data in our patient Y —
population than the best model fg, derived
from PBMS NLME (Fig. 2; Supplemental
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Table 1). The superiority of our method in
this study may also be attributed to the dif-
ferent radiopharmaceuticals (including the
different functions used) and the different

study populations. = patient.

570

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 * No. 4 -

FIGURE 4. Time-activity curves from ATP (green lines) and STP (black lines) fittings at time point 3
simulated with function fs, for 4 outlier patients. Estimated individual parameters indicate that these
outliers had lowest biologic clearance N\, (4.8 X 10~%/h to 6.7 X 10~ 3/h) in population and were rela-
tively lower than fixed effect (9.1 X 107%/h) (Table 2), a well-known behavior in STP dosimetry (17). P
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regression analyses with individual data points (47). Thus, the refer-
ence TIA was computed through population fitting, using a notably
higher parameter-to-data ratio within our dataset, specifically 315
data points and 13 parameters (Table 1). In contrast, individual
patient fitting using a monoexponential function uses a significantly
lower ratio, such as 3 data points and 2 parameters. This results in a
higher uncertainty of the resulting TIA.

In a clinical context, for a new radiopharmaceutical or a new
patient population, the STP method introduced here plays a crucial
role in the following sequence of steps. The first step is to collect
biokinetic activity data during therapy from the patient population
of interest. The second is to determine the most suitable fit func-
tion based on the data using the PBMS NLME method presented
here. This will yield the corresponding fixed-effect and random-
effect parameters (Table 2). The third is to conduct STP dosimetry
for new patients by applying NLME modeling, using the identified
optimal function along with the fixed-effect and random-effect
parameters determined in step 2.

Thus, for a known radiopharmaceutical and patient population,
step 3 is sufficient, as once the data are obtained in step 2, these
can be used for STP dosimetries in every center. Therefore, our
results can be used for other studies if the radiopharmaceutical and
patient populations are equivalent and appropriate image quantifi-
cation is ensured.

A prerequisite of NLME modeling is the need for a historical
cohort with multiple-time-point [!”’Lu]Lu-PSMA-617 SPECT/CT
data (step 1). Because of the reimbursement policies, the availabil-
ity of posttreatment SPECT/CT imaging is increasing (/7). Addi-
tionally, promoting data exchange among different health care
centers, exemplified by the information offered in this publication,
can streamline the model development process.

CONCLUSION

In this study, we developed and implemented an STP dosimetry
using NLME modeling and PBMS to calculate kidney-absorbed
doses of ['7"Lu]Lu-PSMA-617. Our results show that a single
measurement of SPECT/CT at 2 d after injection might be used to
calculate accurate kidney-absorbed doses.

KEY POINTS

QUESTION: Can a nonlinear fixed-effects model with PBMS using
many biokinetic data covering a broad postinjection time range
provide accurate STP-based kidney-absorbed dose estimates for
patients treated with ['”’Lu]Lu-PSMA-617?

PERTINENT FINDINGS: A single measurement of SPECT/CT at
2 d after injection may be used to calculate accurate kidney-
absorbed doses using NLME modeling. The mean RD for STP at
2 dwas —4% = 9%, with only 24% of the total number of
patients having RDs higher than 10% (15/63 patients) and only
10% of the total number of patients having RDs higher than 20%
(6/63 patients).

IMPLICATIONS FOR PATIENT CARE: The STP method
presented in this study holds great potential to be integrated into
routine clinical practice, thereby increasing the acceptance and
use of individualized dosimetry, which will benefit patients by
predicting related risks.

STP witH NLME AND MODEL SELECTION ¢
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Radiolabeled Somatostatin Receptor Antagonist Versus
Agonist for Peptide Receptor Radionuclide Therapy
in Patients with Therapy-Resistant Meningioma:

PROMENADE Phase 0 Study

Christopher Eiglerl, Lisa McDougalll, Andreas Baumanl, Peter Bemhardt2, Michael Hentschell, Kristine A. Blackhaml,
Guillaume Nicolas', Melpomeni Fani', Damian Wild*', and Dominik Cordier**

! Clinic for Radiology and Nuclear Medicine, University Hospital Basel, Basel, Switzerland; *Department of Medical Radiation
Sciences, Institution of Clinical Science, University of Gothenburg, Gothenburg, Sweden,; and *Department of Neurosurgery, University

Hospital Basel, Basel, Switzerland

Our primary aim was to compare the therapeutic index (tumor-to—
bone marrow and tumor-to-kidney absorbed-dose ratios) of the new
radiolabeled somatostatin receptor antagonist ['””Lu]Lu-DOTA-JR11
with the established radiolabeled somatostatin receptor agonist
['Lu]Lu-DOTATOC in the same patients with progressive, standard
therapy-refractory meningioma. Methods: In this prospective, single-
center, open-label phase 0 study (NCT04997317), 6 consecutive
patients were included: 3 men and 3 women (mean age, 63.5y).
Patients received 6.9-7.3 GBq (standard injected radioactivity) of
['"7Lu]Lu-DOTATOC followed by 3.3-4.9 GBq (2 GBg/m? X body
surface area) of ['7’Lu]Lu-DOTA-JR11 at an interval of 10 =1 wk. In
total, 1 ['7"Lu]Lu-DOTATOC and 2-3 ['""Lu]Lu-DOTA-JR11 treatment
cycles were performed. Quantitative SPECT/CT was done at approxi-
mately 24, 48, and 168 h after injection of both radiopharmaceuticals
to calculate meningioma and organ absorbed doses as well as
tumor-to-organ absorbed-dose ratios (3-dimensional segmentation
approach for meningioma, kidneys, liver, bone marrow, and spleen).
Results: The median of the meningioma absorbed dose of 1 treat-
ment cycle was 3.4 Gy (range, 0.8-10.2 Gy) for ['"”Lu]Lu-DOTATOC
and 11.5Gy (range, 4.7-22.7Gy) for ['"’Lu]Lu-DOTA-JR11. The
median bone marrow and kidney absorbed doses after 1 treatment
cycle were 0.11Gy (range, 0.05-0.17Gy) and 2.7 Gy (range, 1.3—
5.3Gy) for ['"’Lu]Lu-DOTATOC and 0.29Gy (range, 0.16-0.39 Gy)
and 3.3 Gy (range, 1.6-5.9 Gy) for ['""Lu]Lu-DOTA-JR11, resulting in
a 1.4 (range, 0.9-1.9) times higher median tumor-to—bone marrow
absorbed-dose ratio and a 2.9 (range, 2.0-4.8) times higher median
tumor-to-kidney absorbed-dose ratio with ['7’Lu]Lu-DOTA-JR11.
According to the Common Terminology Criteria for Adverse Events
version 5.0, 2 patients developed reversible grade 2 lymphopenia
after 1 cycle of ['""Lu]Lu-DOTATOC. Afterward, 2 patients developed
reversible grade 3 lymphopenia and 1 patient developed reversible
grade 3 lymphopenia and neutropenia after 2-3 cycles of ['77Lu]Lu-
DOTA-JR11. No grade 4 or 5 adverse events were observed at 15mo
or more after the start of therapy. The disease control rate was 83%
(95% CI, 53%-100%) at 12mo or more after inclusion. Conclusion:
Treatment with 1 cycle of ['""Lu]Lu-DOTA-JR11 showed 2.2-5.7 times
higher meningioma absorbed doses and a favorable therapeutic index
compared with ['77Lu]Lu-DOTATOC after injection of 1.4-2.1
times lower activities. The first efficacy results demonstrated a
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high disease control rate with an acceptable safety profile in the stan-
dard therapy for refractory meningioma patients. Therefore, larger
studies with ["77Lu]Lu-DOTA-JR11 are warranted in meningioma
patients.

Key Words: meningioma; peptide receptor radionuclide therapy;
DOTA-JR11; DOTATOC
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DOI: 10.2967/jnumed.123.266817

Meningiomas are among the intracranial tumors with the
highest prevalence. They arise from the dura mater and occur in
World Health Organization grades I-III. Sparse improvement in
treatment results over recent decades is reflected by a 5-y survival
between 55% and 70% (7). Surgery, as the main treatment option,
is limited in a subgroup of patients because of anatomic involve-
ment of critical neural or vascular structures or a diffuse growth
pattern (2). Adjuvant external-beam radiotherapy improves recur-
rence rates (3) but may induce neurologic morbidity (4).

About 70% of meningiomas express somatostatin receptor subtype
2 (SST2) at a high density, and SST2 acts as a target for peptide
receptor radionuclide therapy (5). Peptide receptor radionuclide ther-
apy with the SST2 agonists [**Y]Y-DOTATOC, ['7’Lu]Lu-DOTA-
TOC, and ['’Lu]Lu-DOTATATE (Lutathera; Novartis) has been
used as second- or third-line therapy for meningiomas that, on the
basis of a poor risk—benefit ratio, are not treatable with standard
therapies (6-10). Gerster-Gilliéron et al. demonstrated a median
progression-free survival of 24 mo and a stabilization of the disease in
87% of patients after treatment with 1.7-14.8 GBq of [*°Y]Y-DOTA-
TOC (7). Because of severe renal toxicity (grades 4 and 5) in about
10% of patients (1), [**Y]Y-DOTATOC is hardly used anymore and
has been replaced by ['7’Lu]Lu-DOTATOC and ['7’Lu]Lu-DOTA-
TATE, which are less toxic to kidneys. Although peptide receptor
radionuclide therapy is efficient for the management of World Health
Organization grade I and II meningiomas at an advanced stage, it sta-
bilizes the disease for only up to 24mo (7,9,12). Thus, there is an
unmet need to develop more effective radiopharmaceuticals to
improve the treatment of patients with advanced meningioma.

Until recently, it was assumed that internalization of the radiola-
beled agonists was mandatory for somatostatin receptor—targeted
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therapy. About 20y ago, Ginj et al. hypothesized that radiolabeled
somatostatin receptor antagonists may perform better than agonists
despite lacking internalization (/3). In the meantime, there has
been compelling evidence that '7’Lu-labeled SST2 antagonists
(e.g., ['""Lu]Lu-DOTA-JR11, [}7’Lu]Lu-OPS201, and ['7"Lu]Lu-
satoreotide tetraxetan) bind to many more SST2-binding sites on
the cell surface, resulting in higher tumor absorbed doses (/4). For
example, the SST2 antagonist [!”’Lu]Lu-DOTA-JR11 was supe-
rior to the SST2 agonist [!”’Lu]Lu-DOTATATE in a single-
center, prospective first-in-humans phase 0 study with 4 patients
who had advanced metastatic neuroendocrine tumors (/5). The
most relevant findings of this study were the 3.5-fold higher
median tumor absorbed dose, the more than 2-fold higher tumor—
to—bone marrow absorbed-dose ratio with ['7’Lu]Lu-DOTA-JR11
than with ['7’Lu]Lu-DOTATATE, and moderate adverse events
with 1 grade 3 thrombocytopenia after treatment with 3 cycles of
approximately 5 GBq (15.2 GBq total) of ['77Lu]Lu-DOTA-JR11.

Therefore, we hypothesized that [!”’Lu]Lu-DOTA-JR11 would
also have a favorable therapeutic index in meningioma patients
compared with ['77Lu]Lu-DOTATOC. The primary aim was to
compare the therapeutic index (tumor—to-bone marrow and
tumor-to-kidney absorbed-dose ratios) of the radiolabeled SST2
antagonist [77Lu]Lu-DOTA-JR11 with the established radiola-
beled SST2 agonist ['7’Lu]Lu-DOTATOC in the same patients
with progressive meningiomas that were refractory to standard
treatment.

MATERIALS AND METHODS

Study Design and Patients

Six consecutive meningioma patients were included for this pro-
spective, phase 0, single-center, open-label, dosimetry comparison
study (ClinicalTrials.gov; NCT04997317). The ethics committee of
Northwest and Central Switzerland approved this study, and all
patients signed an informed consent form. The main inclusion criteria
were a histologically confirmed meningioma that was progressive
within less than 30 mo before inclusion, a lack of efficient standard
treatment (assessment by the local multidisciplinary neurooncologic
tumor board), a Karnofsky index of at least 60, a meningioma measur-
able in 3 dimensions, and confirmed expression of SST2 on [**Ga]Ga-
DOTATOC and [*®Ga]Ga-DOTATATE PET/CT imaging. The main
exclusion criterion was the administration of another therapeutic sub-
stance 30 d before or during the ongoing study. Further inclusion and
exclusion criteria are provided in the supplemental materials (available
at http://jnm.snmjournals.org) (/6-18).

Preparation of Radiotracers, SPECT/CT Imaging, and
Therapy Protocol

DOTA-JRI1 (15) and DOTATOC were synthesized according to
good manufacturing practices established by piChEM GmbH and
Bachem AG, respectively. ['7"Lu]Lu-DOTA-JR11 was produced on
an automated synthesis module (Pharmtracer; Eckert & Ziegler Medi-
cal). Briefly, 300 pg of DOTA-JR11 were dissolved in sodium acetate
and ascorbic acid buffer (pH 4.5) and reacted with 4-6 GBq of no-
carrier-added ['7"Lu]LuCl; (EndolucinBeta; ITM) at 83°C for 20 min,
followed by C18 solid-phase extraction. The final product was formu-
lated in a physiologic saline solution containing ascorbic acid as the
radioprotectant, calcium-diethylenetriamine pentaacetate as the radio-
isotope scavenger, and ethanol as the excipient. Radiochemical purity
was assessed by radio—high-performance liquid chromatography and
was 95% or better. The incorporation yield was measured by radio—
thin-layer chromatography with levels of unbound '”’Lu of no more
than 0.2%.
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['""Lu]Lu-DOTATOC was produced in a kit-labeling procedure by
adding 240 pg of DOTATOC dissolved in sodium ascorbate buffer
(pH 5) to a vial containing 8 GBq of no-carrier-added ['7’Lu]Cl; and
subsequently heating at 95°C for 30 min. The final product was formulated
in a physiologic saline solution containing calcium-diethylenetriamine pen-
taacetate as the radioisotope scavenger. Radiochemical purity was assessed
by radio-high-performance liquid chromatography and was 95% or better.
The incorporation yield was measured by radio—thin-layer chromatography
with levels of unbound '”’Lu of no more than 0.5%.

Patients received [!7’Lu]Lu-DOTATOC (~7.4 GBq) followed by
['7"Lu]Lu-DOTA-JR11 (2 GBg/m? X body surface area) at an interval
of about 10 wk. Quantitative SPECT/CT scans were performed at
approximately 24, 48, and 168 h after injection of both compounds
using a Symbia Intevo 16 system (Siemens Healthineers) equipped
with a medium-energy, low-penetration collimator (supplemental
materials).

Meningioma Volumetry and Treatment Response Evaluation
with MRI

All external and internal MRI studies were viewed with our institu-
tion’s PACS, and the T1-weighted postcontrast 3-dimensional sequences
were uploaded to mint Lesion software (Mint Medical GmbH). Meningi-
oma volumetry was measured by a U.S. board-certified neuroradiologist
with 20 y of experience. Meningioma response assessment was deter-
mined by comparison with the inclusion MRI study: progressive disease
was defined as at least a 40% increase of meningioma volume or the
appearance of new lesions, and stable disease was defined as less than a
40% increase in volume (19).

Dosimetry

All meningioma volumetry was based on MRI segmentation. The
volume of kidneys, liver, bone marrow (red marrow), and spleen was
determined by segmentation of CT images acquired from posttherapy
SPECT/CT scans. The number of disintegrations and the absorbed
doses were calculated with OLINDA 1.0 (Hermes Medical Solutions).
The phantom organ weight was adjusted to the patient organ weight
for kidneys, liver, and spleen. The meningioma absorbed dose was cal-
culated using the spheres model in OLINDA. The red marrow activity
was determined by drawing 4-mL volumes of interest in each vertebra
from T2 to L5 for each time point. If needed, the volume of interest
was adjusted to include only the bone marrow and no cortical bone, as
the uptake in the vertebrae was assumed to be in the red marrow com-
partment of the cancellous bone. The red marrow compartment of the
ilium was segmented as visible in the CT images. The red marrow
absorbed dose was calculated by multiplying the absorbed energy
from a '7’Lu decay by the time-integrated activity concentration in the
red marrow. More details are available in the supplemental materials.

Toxicity

To reduce the risk of nephrotoxicity, the patients received a continu-
ous infusion of 1,000 mL of physiologic NaCl solution containing
20.0 mg/mL of lysine and 20.7 mg/mL of arginine over 5 h (/5). One
hour after the start of this infusion, ['7’Lu]Lu-DOTATOC or ['"’Lu]Lu-
DOTA-JR11 was infused over 1 min or 2 h, respectively. Two hours of
slow infusion of ['7’Lu]Lu-DOTA-JR11 was well tolerated without rele-
vant nausea and hypotension as found in a previous study (20). Vital
parameters (blood pressure, heart frequency, and oxygen saturation) were
monitored every 15 min during the 2-h infusion of ['7’Lu]Lu-DOTA-
JR11. A full blood count and a comprehensive metabolic panel were per-
formed on the day of each therapy cycle as well as 2, 4, and 6 wk after
treatment. Common Terminology Criteria for Adverse Events version 5.0
was used to evaluate possible negative effects.

THE JoURNAL OF NUCLEAR MEDICINE *+ Vol. 65 + No.4 - April 2024



TABLE 1
Summary of Patient Characteristics, Treatment Protocol, Remission Status, and Adverse Events

Parameter Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Baseline characteristics

Sex Male Female Male Male Female Female
Age (y) 52 58 83 73 75 39
Meningioma WHO grade I I I 1l Il |
First diagnosed (mo before inclusion) 20 89 192 60 60 96
Previous therapy
Last surgical treatment (mo before inclusion) 8 64 31 7 59 83
Last radiation therapy (mo before inclusion) 16 ND 13 54 55 54
Last systemic treatment (mo before inclusion) 1 ND ND ND ND ND

Treatment protocol
["""Lu]Lu-DOTATOC therapy

Number of cycles 1 1 1 1 1 1
Total injected activity (GBq) 71 71 6.9 7.3 7.3 7.0

['"7Lu]Lu-DOTA-JR11 therapy
Injected activity at first cycle (GBq) 4.5 4.9 3.3 4.0 4.1 3.7
Number of cycles 2 2 2 3 3 2
Total injected activity (GBQ) 9.0 8.9 7.4 11.6 10.4 71

Remission status*

Remission status before inclusion PD PD PD PD PD PD
Progression interval before inclusion (mo) 4 27 27 4 23 5
Meningioma volume change before inclusion (%) +8,280 +45 +88 +50 +40 +61

Remission status after maximum follow-up PD SD SD SD SD SD
Additional treatments after inclusion® Yes Yes No No No No
Maximum follow-up after inclusion (mo) 15 22 16 15 17 12
Meningioma volume change at maximum follow-up (%) +778 +9 +31 +19 0 -3

Adverse events (grade)
Up to 10 wk after ['””Lu]Lu-DOTATOC

Anemia 0 0 0 0 0 0
Neutropenia 0 0 0 0 0 0
Lymphopenia 0 2 0 0 1 2
Thrombocytopenia 0 0 0 0 0 0
Up to 10 wk after first cycle of ['"”Lu]Lu-DOTA-JR11
Anemia 0 0 0 0 0 0
Neutropenia 0 0 0 0 3 0
Lymphopenia 0 2 0 0 2 3
Thrombocytopenia 0 0 0 0 0 0
Up to 18 mo after first cycle of ['”“Lu]Lu-DOTA-JR11
Anemia 0 0 0 0 0 0
Neutropenia 0 0 0 0 0 2
Lymphopenia 0 3 0 0 3 3
Thrombocytopenia 0 0 0 0 0 0

*Remission status of meningiomas assessed with MRI volumetry.

TPatient 1 received high-dose chemotherapy with ifosamid 7 mo after termination of ['7”Lu]Lu-DOTA-JR11 therapy followed by therapy
with mitogen-activated extracellular signal-regulated kinase inhibitor (cobimetinib). Patient 2 was treated with humanized monoclonal
antibody (bevacizumab) 6 mo after termination of [-Lu]Lu-DOTA-JR11 therapy.

ND = not done; PD = progressive disease; SD = stable disease.
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TABLE 2
Summary of Tumor Radiation Dose Estimations

['""Lu]Lu-DOTATOC, 1 cycle* ['"7Lu]Lu-DOTA-JR11, 1 cycle’ 2-3 cycles’
Meningioma Red marrow Meningioma Red marrow T/BM T/K Meningioma
Patient dose (Gy/cycle) dose (Gy/cycle) T/BM T/K dose (Gy/cycle) dose (Gy/cycle) ratio ratio dose (Gy)
1 0.8 0.05 16 0.6 4.7 0.16 30 3.0 9.5
2 1.9 0.10 19 0.6 8.4 0.31 27 1.8 15.3
3 4.4 0.15 28 1.5 14.5 0.27 54 4.6 32.3
4 5.0 0.17 30 0.9 15.0 0.39 38 2.5 434
5 10.2 0.13 78 4.0 22.7 0.34 66 8.1 57.7
6 2.5 0.08 29 1.0 71 0.24 30 2.0 13.5
Median 3.4 0.11 29 1.0 11.5 0.29 34 2.8 23.8
Range 0.8-10.2 0.05-0.17 16-78 0.6-4.0 4.7-22.7 0.16-0.39 25-66 1.8-8.1 9.5-57.7

*First therapy cycle was performed with 7.4 GBq = 10% ['"”Lu]Lu-DOTATOC.
TAIl ['"7Lu]Lu-DOTA-JR11 therapy cycles were conducted with 2 GBq X body surface area + 10% per cycle.
T/BM = tumor-to-red bone marrow ratio; T/K = tumor-to-kidney ratio.

Statistical Analysis

For this phase 0 study, no sample size calculation was performed.
All data were summarized using descriptive statistics. Unless other-
wise stated, all data are expressed as median with range.

RESULTS

Dosimetry Results and Response

In total, 7 patients were recruited between May 2021 and March
2022. The first patient without histologic proof of a meningioma did
not meet the inclusion criteria. Therefore, 6 patients received 1 cycle
of ['7Lu]Lu-DOTATOC at an activity of 6.9-7.3 GBq (peptide
amount, ~190 wg) followed by 1cycle of ['77Lu]Lu-DOTA-JR11 at
an activity of 3.3-4.9 GBq (peptide amount, ~240 pg) at an interval
of 10+ 1 wk. Afterward, additional ['”’Lu]Lu-DOTA-JR11 treat-
ment cycles were performed according to clinical needs (patient char-
acteristics and treatment protocol in Table 1). Table 2 shows the
results of tumor and bone marrow absorbed-dose estimations as well
as tumor—to—bone marrow and tumor-to-kidney absorbed-dose ratios
for all 6 patients. The effective tumor half-life was considerably
higher with ['7"Lu]Lu-DOTA-JR11 (half-life, 71.7h; range, 56.4—
87.0h) than with ['7’Lu]Lu-DOTATOC (half-life, 51.7h; range,
49.2-64.2h). Furthermore, the median tumor—to—bone marrow
absorbed-dose ratio was 1.4 (range, 0.9-1.9) times higher with
[Y"7Lu]Lu-DOTA-JR11. Only 1 of 6 patients showed a slightly lower
tumor—to—bone marrow absorbed-dose ratio with ['7’Lu]Lu-DOTA-
JR11 than with ['7’Lu]Lu-DOTATOC. Absorbed-dose estimations
for most relevant organs with [!”’Lu]Lu-DOTATOC and ['7"Lu]Lu-
DOTA-JR11 are summarized in Supplemental Table 1. In correlation
with the dosimetry results, quantitative posttreatment SPECT scans
showed more pronounced accumulation in meningioma lesions
and in the bone marrow with ['7’Lu]Lu-DOTA-JR11 than with
['"7Lu]Lu-DOTATOC. Figure 1 shows the maximum-intensity pro-
jection SPECT images of all patients. Because of the favorable
dosimetry results for the SST2 antagonist, 1-2 additional treatment
cycles were performed with [!7’Lu]Lu-DOTA-JR11, resulting in a
disease control rate of 83% (95% CI, 53%—-100%) at least 12mo
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after inclusion. Remission status is provided in Table 2. Figure 2
shows the treatment response of patient 4.

Toxicity

All adverse events are summarized in Table 1. There was no
nausea, vomiting, or hypotension after injection of either com-
pound. In all patients, the reported adverse events resolved after a
few weeks and there were no grade 4 or 5 adverse events. Up to
13mo after the first therapy cycle with ['”’Lu]Lu-DOTA-JR11,
there was no worsening of kidney function and no evidence for
myelodysplastic syndrome or other neoplasms.

DISCUSSION

The main results of this study can be summarized as follows.
First, although ['77Lu]Lu-DOTA-JR11 therapy was performed
with 1.4-2.1 times lower activity, the meningioma absorbed dose
per treatment cycle was 2.2-5.7 times higher than that with
['"7Lu]Lu-DOTATOC, resulting in promising efficacy results (dis-
ease control rate of 83% at =12mo) in these therapy-resistant
meningioma patients. Second, the therapeutic index indicates that
['7"Lu]Lu-DOTA-JR11 is favorable for the treatment of meningi-
oma patients because the tumor—to—bone marrow and tumor-to-
kidney absorbed-dose ratios are 0.9-1.9 and 2.0-4.8 times higher
with [V77Lu]Lu-DOTA-JR11 than with ['7’Lu]Lu-DOTATOC.
Third, renal toxicity is expected to be negligible with ['”’Lu]Lu-
DOTA-JR11 because of the several times higher tumor-to-kidney
absorbed-dose ratios; in fact, there was no observed renal toxicity
for up to 13 mo after the start of ['7’Lu]Lu-DOTA-JR11 therapy.
Lastly, although the estimated absorbed bone marrow dose was
1.7-3.1 times higher with [!”’Lu]Lu-DOTA-JR11 than with
['7Lu]Lu-DOTATOC, bone marrow toxicity was only moderate,
with reversible grade 3 lymphopenia and neutropenia, respectively,
in 33% of patients after treatment with 1cycle of [!”’Lu]Lu-
DOTATOC and 2 or 3 cycles of [!7’Lu]Lu-DOTA-JR11.

These observations give rise to the expectation that the higher
meningioma absorbed dose delivered by ['7’Lu]Lu-DOTA-JR11
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3 cycles appears to offer additional advan-
tages such as reduction of radioactive
waste and radionuclide costs.
Nevertheless, bone marrow toxicity
remains the dose-limiting adverse effect
for the application of [!7’Lu]Lu-DOTA-
JR11 and other radiolabeled SST2 antago-
nists. This is of particular importance
because there is no established bone mar-
row protection strategy. According to cur-
rent clinical data, SST2 antagonists such
as ['"7Lu]Lu-DOTA-JR11 and ['7"Lu]Lu-
DOTA-LM3 have induced grade 3 or
worse hematologic toxicity (according to
the Common Terminology Criteria for
Adverse Events) in 20%-23% of patients
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FIGURE 1.

ble only in posttreatment ['’Lu]Lu-DOTA-JR11 SPECT image (arrow).

may result in higher tumor control rates, at least in advanced
World Health Organization grade I and II meningiomas. Unlike
[*°Y]Y-DOTATOC, in which the maximum injected activity was
limited by renal or hematologic adverse effects, ['7’Lu]Lu-DOTA-
JR11 is likely to overcome renal toxicity and, furthermore, may
improve the bone marrow toxicity profile by enabling higher
meningioma doses at a lower injected activity than is possible
with ['7’Lu]Lu-DOTATOC. ['""Lu]Lu-DOTA-JR11 administered
at less than 5 GBq (2 GBg/m* X body surface area) per cycle for

Posttreatment maximum-intensity projection of quantitative SPECT images acquired
48h after injection of ['”"Lu]Lu-DOTATOC (A) and ['Lu]Lu-DOTA-JR11 (B) in same patients 10 = 1
wk apart. SUV window threshold was set at 5 for all images, and scales indicate SUVs. In all patients,
bone marrow uptake in spine was more pronounced with ['77Lu]Lu-DOTA-JR11 than with ['""Lu]Lu-
DOTATOC (arrowheads in patient 4). In patient 6, small meningioma with volume of 0.3 cm?® was visi-

(20,21), which was more than the 9%-—
13% toxicity induced by ['"’Lu]Lu-
DOTATATE (NETTER-1 study) or
[°°Y]Y-DOTATOC (/1,22). For example,
Reidy-Lagunes et al. described grade 4
hematotoxicity (leukopenia, neutropenia,
and thrombocytopenia) in 4 of the first 7
patients with neuroendocrine tumors treated with 2 cycles of
approximately 7.4 GBq (50-100 pug) of ['7’Lu]Lu-DOTA-JR11
(cumulative radioactivity between 10.5 and 15.0 GBq) (27). Hence,
their single-center phase I study was suspended, and the protocol
was modified to limit the cumulative absorbed bone marrow
dose. Importantly, there is evidence that a subpopulation of the
hematopoietic cells, especially CD34-positive stem cells, shows
some SST2 expression in red marrow (23). This is likely the reason
for the more pronounced hematotoxicity of ['7’Lu]Lu-DOTA-JR11
and ['7"Lu]Lu-DOTA-LM3, as both com-
pounds exhibit an SST2 binding capacity

OC [ 3% ["Lu]Lu-
at 9-

6 months

at 4 months

higher than that of ['7’Lu]Lu-DOTATOC
and ["Lu]Lu-DOTATATE (24). Further-
more, SPECT images (Fig. 1) of our study
show higher accumulation of ['7’Lu]Lu-
DOTA-JR11 than of ['"Lu]Lu-DOTATOC
in the bone marrow, further supporting the
evidence of a more pronounced SST2-
mediated accumulation of ['”’Lu]Lu-DOTA-
JR11 in hematopoietic cells. Consequently,
blood-based bone marrow dosimetry of
SST2-targeting radioligands should be
replaced by imaging-based bone marrow
dosimetry because the former does not con-
sider specific accumulation of radioligands

s in red bone marrow (25). The only limitation

FIGURE 2. Patient 4 with therapy-resistant World Health Organization grade Il meningioma. Base-
line MRI (A) at 0mo, inclusion MRI (B) 4 mo after baseline, ['7’Lu]Lu-DOTATOC SPECT/CT (C) 6mo
after treatment, and ['””Lu]Lu-DOTA-JR11 SPECT/CT (D) 9 mo after treatment are shown. Follow-up
MRI (E) was performed 19 mo after baseline MRI. Top row shows corresponding coronal images,
and bottom row shows corresponding axial images. All MRI examinations were contrast-enhanced
T1-weighted volumetric interpolated breath-hold examination sequences, and SPECT/CT scans

were acquired 48h after injection of 7.3 GBq of ['"’LujLu-DOTATOC and

DOTA-JR11. SUV window threshold was set at 5 for all SPECT images. Patient had progressive dis-
ease (PD) with 50% meningioma volume increase within 4mo at time of inclusion and received
1 cycle of ['"7Lu]Lu-DOTATOC and 3 cycles of ['"’Lu]Lu-DOTA-JR11. Follow-up MRI 15mo after
inclusion indicated stable disease (SD) with only 19% meningioma volume increase in comparison to

inclusion MRI.

of imaging-based bone marrow dosimetry
might be the presence of bone metastases,
which is not relevant to meningioma.

One reason for the lower hematologic tox-
icity in our study than in the 2 other clinical
[""Lu]Lu-DOTA-JR11 studies (20,21) could
be that the injected activities of ['7’Lu]Lu-
DOTA-JR11 in our study were adapted
to the body surface area and were generally
lower (2.9-4.9 GBq per cycle) than in the
2 other studies (~4.5 and 6.2-7.9 GBq

4.0 GBq of ['""Lu]Lu-
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per cycle), resulting in a maximum bone marrow absorbed dose
of 0.39 Gy per cycle and 1.13 Gy in total. Another possibility is
that the injected amount of DOTA-JR11 (peptide amount) per
cycle was approximately 240 pg, resulting in specific activities of
between 26 and 35 GBg/pumol for ['77Lu]Lu-DOTA-JR11, 4-10
times lower than in the study of Reidy-Lagunes et al. This could be
relevant for bone marrow protection, as a lower specific activity
(lower ratio of radioactive to nonradioactive compound) causes bet-
ter saturation of SST2-expressing CD34-positive stem cells, which
account for only approximately 2% of total bone marrow cells. In
fact, the mean bone marrow absorbed dose and absorbed dose
in other SST2-positive organs were lower in our study than in
the study of Reidy-Lagunes et al.: the bone marrow dose was
0.07 Gy/GBq (0.04-0.10) versus 0.09 Gy/GBq (0.06-0.15), respec-
tively. Of note, the comparability of dosimetry results is limited by
differences in equipment and calculation. Nevertheless, in a preclinical
study, Nicolas et al. showed a decrease of bone marrow absorbed dose
and absorbed dose in other SST2-positive organs after injection
of ['""Lu]Lu-DOTA-JR11 at a lower specific activity (26). Future clin-
ical studies will be necessary to confirm the protective effect of a
lower specific activity to the bone marrow. However, our study
showed that 2 or 3 cycles of ['7’Lu]Lu-DOTA-JR11 with an
injected radioactivity of 2 GBg/m® times the body surface area and
a peptide amount of approximately 240 g seem to be safe in not
only meningioma patients but also other patients (e.g., neuroendo-
crine tumor patients) who qualify for the treatment with ['7’Lu]Lu-
DOTA-IR11 (24).

Previous results with radiolabeled somatostatin receptor agonists
demonstrate feasibility and tolerance in the setting of ineffective
external-beam radiotherapy followed by radiolabeled SST2 agonists
(27); however, with the higher doses delivered by radiolabeled SST2
antagonists, the question of tolerance and feasibility should be
addressed again.

One main limitation to this study is the application of therapeutic
amounts of ['77Lu]Lu-DOTATOC and then ['7"Lu]Lu-DOTA-JR11
10 wk later without using a crossover study design, resulting in a
potential carry-over effect (treatment effect) from the first treatment
with [V77Lu]Lu-DOTATOC onto the ['”’Lu]Lu-DOTA-JR11 biodis-
tribution. Thus, the dosimetry calculation could reflect a falsely lower
meningioma absorbed-dose estimation of ['7’Lu]Lu-DOTA-JRI1.
However, the risk for such a carry-over effect is low because
the meningioma maximum absorbed dose was only 10.2Gy with
['7"Lu]Lu-DOTATOC. A second limitation is the small phase 0 study
design that, nevertheless, produced direct comparison data with only
6 patients.

CONCLUSION

This phase 0 study provides, to our knowledge, the first clinical
evidence that radiolabeled SST2 antagonists such as ['"’Lu]Lu-
DOTA-JR11 exhibit, in meningiomas, absorbed doses higher than
those of standard peptide receptor radionuclide therapy with
['""Lu]Lu-DOTATOC despite application of lower activities.
Furthermore, SPECT imaging indicates higher accumulation
of ['"7Lu]Lu-DOTA-JR11 than of ['"’Lu]Lu-DOTATOC in the
dose-limiting bone marrow, resulting in higher bone marrow
absorbed doses with ['77Lu]Lu-DOTA-JR11. At the same time, a
favorable therapeutic index was observed with [!7’Lu]Lu-DOTA-
JR11 without relevant hematologic toxicity. Preliminary data on
disease control rates are encouraging and support a possible thera-
peutic role for radiolabeled SST2 antagonists in the treatment of
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otherwise therapy-refractory meningiomas. Further evaluation of
[Y"Lu]Lu-DOTA-JR11 in meningioma patients is planned in a
PROMENADE phase VI study (ClinicalTrials.gov; NCT04997317).
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KEY POINTS

QUESTION: Is the therapeutic index (tumor-to-bone marrow and
tumor-to-kidney absorbed-dose ratios) of the SST2 antagonist
['""Lu]Lu-DOTA-JR11 superior to that of the established
radiolabeled SST2 agonist ['””Lu]Lu-DOTATOC in standard
therapy-resistant meningioma?

PERTINENT FINDINGS: In this single-center, phase 0 study,
["""Lu]Lu-DOTA-JR11 showed much higher meningioma absorbed
doses despite application of lower activities in all 6 patients. At
the same time, a favorable therapeutic index and no relevant
hematologic toxicity were observed after body surface area-based
dosing of ['""Lu]Lu-DOTA-JR11.

IMPLICATIONS FOR PATIENT CARE: For the treatment of
meningioma, ['”7Lu]Lu-DOTA-JR11 is a promising and safe
radiopharmaceutical that needs further clinical evaluation.
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Aberrantly expressed glycans on mucins such as mucin-16 (MUC16)
are implicated in the biology that promotes ovarian cancer (OC) malig-
nancy. Here, we investigated the theranostic potential of a humanized
antibody, huAR9.6, targeting fully glycosylated and hypoglycosylated
MUC16 isoforms. Methods: In vitro and in vivo targeting of the diag-
nostic radiotracer [*°Zr]Zr-DFO-huAR9.6 was investigated via binding
experiments, immuno-PET imaging, and biodistribution studies on
OC mouse models. Ovarian xenografts were used to determine the
safety and efficacy of the therapeutic version, ['"7Lu]Lu-CHX-A"-
DTPA-huAR9.6. Results: In vivo uptake of [2°Zr]Zr-DFO-huAR9.6
supported in vitro-determined expression levels: high uptake in
OVCARS and OVCAR4 tumors, low uptake in OVCARS5 tumors, and
no uptake in OVCARS tumors. Accordingly, ['77Lu]Lu-CHX-A"-DTPA-
huAR9.6 displayed strong antitumor effects in the OVCAR3 model
and improved overall survival in the OVCAR3 and OVCAR5 models in
comparison to the saline control. Hematologic toxicity was transient in
both models. Conclusion: PET imaging of OC xenografts showed
that [¥°Zr]Zr-DFO-huAR9.6 delineated MUC16 expression levels,
which correlated with in vitro results. Additionally, we showed that
['"7Lu]Lu-CHX-A"-DTPA-huAR9.6 displayed strong antitumor effects
in highly MUC16-expressing tumors. These findings demonstrate
great potential for 89Zr- and '"“Lu-labeled huAR9.6 as theranostic
tools for the diagnosis and treatment of OC.

Key Words: PET imaging; radioimmunotherapy; MUC16; huAR9.6;
ovarian cancer
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Ovarian cancer (OC) causes more deaths than any other gyne-
cologic malignancy, with a 5-y survival rate below 30% for
patients diagnosed at advanced stages (/,2). The current standard
of care for OC consists of surgery followed by platinum-based
chemotherapy; however, these methods have failed to increase
overall survival rates in patients because of tumor recurrence and
chemoresistance (2,3). Cancer antigen 125 (CA125)—an epitope
on mucin-16 (MUC16)—is a common and widely used serum
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biomarker for OC diagnosis. However, serum CA125 levels do
not sufficiently detect all occurrences of early-stage disease (4).
Therefore, there is a critical need for both additional detection
methods and new targeted therapies that can improve patient
survival.

Among the factors contributing to the lethality of OC is the
aberrant glycosylation of carbohydrate residues on mucins, which
promote metastasis and reduce overall survival (5). Membrane-
bound mucins with aberrantly expressed O-linked glycans are
emerging as promising targets for OC diagnosis and treatment
because they are expressed solely on epithelial cancer cells (6).
Studies have shown that elevated levels of hypoglycosylated
MUCI16 isoforms in OC patients correlate with disease stage and
tumor volume (TV) better than the CA125 epitope (7). Thus,
hypoglycosylated MUC16 could be a potential target for tumor
detection via immuno-PET imaging.

Immuno-PET imaging offers a noninvasive approach to OC
detection because it combines the tumor-targeting specificity of anti-
bodies with the high sensitivity of PET imaging (8). This approach
was evaluated with huAR9.6—a humanized antibody that binds to
hypoglycosylated residues on MUC16 (9). Our previous work vali-
dated huAR9.6 as an immuno-PET radiopharmaceutical for OC
detection (10). Expanding on these findings, we sought to further
develop a radiotheranostic system using Zr-labeled huAR9.6 to
diagnose—and '"’Lu-labeled huAR9.6 to subsequently treat—
OC.%Zr is a favorable positron-emitting radionuclide, as its half-life
(3.3 d) complements the circulation half-life of full-length antibo-
dies. '"7Lu is an ideal therapeutic ™ -emitting radionuclide because
of its favorable half-life (6.6 d) and short tissue penetration range
(mean, 670 wm) relative to other B~ -emitting radionuclides used in
the clinic (/7).

Clinical imaging for OC patients has largely focused on the
OC125 murine antibody that binds to CA125 (12-14). However,
radiolabeled OC125 demonstrated uptake in noncancerous tissues,
thus limiting its specificity for the detection of OC lesions (/5-17)
while additionally causing human antimurine antibody responses,
which increase off-target toxicities (/8—20). We reasoned that a
humanized antibody that binds to hypoglycosylated MUC16 iso-
forms will provide superior specificity for the detection and treat-
ment of OC lesions while simultaneously overcoming the
limitations of using murine antibodies in patients. Here, we present
a promising radiotheranostic system to detect hypoglycosylated
MUCI16 and deliver therapeutic levels of radiation in human OC
mouse models.
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MATERIALS AND METHODS

The supplemental materials (available at http://jnm.snmjournals.
org) provide information on cell lines, quantitative real-time poly-
merase chain reaction, flow cytometry, antibody functionalization and
radiolabeling, binding assays, serum stability, dosimetry, and
immunohistochemistry.

Xenograft Models

All in vivo experiments were approved by the Research Animal
Resource Center and Institutional Animal Care and Use Committee
(approval 08-07-013) at Memorial Sloan Kettering. Seven- to 8-wk-
old CRL:NU-FoxnI™ (Nu/Nu; Charles River Laboratories) female
mice were purchased. The animals were housed in ventilated cages
and given food and water ad libitum. For PET imaging studies with
[¥Z1])Zr-DFO-huAR9.6, 7- to 8-wk-old Nu/Nu mice were xenografted
subcutaneously with OVCAR3, OVCAR4, OVCARS, and OVCARS
tumors. OVCAR3 tumors were induced on the right shoulder by injec-
tion of 10 million cells followed by another injection of 5 million cells
1 wk later in a 150-pL cell suspension of a 1:1 (v/v) mixture of fresh
medium to BD Matrigel (BD Biosciences). OVCAR4, OVCARS,
and OVCARS tumors were induced on the right flank by injection of
5 million cells in a 150-p.L cell suspension of a 1:1 (v/v) mixture of
fresh medium to BD Matrigel. For therapy and biodistribution studies
with ["77Lu]Lu-DTPA-huAR9.6, 7- to 8-wk-old B6;129-Rag2™ /™™
IL2rg" % DwiHsd (R2G2; Envigo) female mice were purchased.
OVCAR3, OVCARS5, and OVCARS tumors were induced on the right
flank of R2G2 mice by injection of 5 million cells in a 100-p.L cell
suspension of a 1:1 (v/v) mixture of fresh medium to BD Matrigel.
Subcutaneous xenografts were used for in vivo imaging and biodistri-
bution studies when TV reached about 150-300 mm?>.

PET and SPECT Imaging

PET/CT images were acquired on an Inveon PET/CT scanner (Sie-
mens Healthcare). For PET imaging studies, [*°Zr]Zr-DFO-huAR9.6
in 150 uL of Chelex (Bio-Rad)-treated phosphate-buffered saline
was injected via the lateral tail vein into OVCAR3-, OVCARA4-,
OVCARS-, and OVCARS8-bearing mice. OVCAR3-bearing Nu/Nu
mice (n = 4) were injected with 7.73 = 0.34 MBq (20 pg), OVCAR4-
bearing Nu/Nu mice (n = 3) were injected with 7.07 = 0.19 MBq
(20 pg), OVCARS-bearing Nu/Nu mice (n = 4) were injected with
7.12 = 0.18 MBq (20 pg), and OVCARS8-bearing Nu/Nu mice (n = 3)
were injected with 8.58 £0.19 MBq (20 pg). Each tumor model was
imaged in independent experiments. For PET imaging studies
of recurrent OVCAR3 tumors (n = 3), R2G2 mice were injected
with [¥Zr]Zr-DFO-huAR9.6 (20 pg, 7.62 = 0.11 MBq). SPECT/CT
images were acquired on a NanoSPECT (Siemens Healthcare).
OVCAR3-bearing R2G2 mice (n = 4) with recurrent tumors were
injected with a second dose of ['7’Lu]Lu-DTPA-huAR9.6
(9.87 = 0.47 MBq, 60png) in 150 pL of Chelex-treated phosphate-
buffered saline. All image analysis was performed using VivoQuant
analysis software (Invicro).

Ex Vivo Biodistribution

For each tumor model, ex vivo biodistribution analyses were per-
formed on separate cohorts of xenografted mice that were administered
[#°Zr]Zr-DFO-huAR9.6 or ['7’Lu]Lu-DTPA-huAR9.6. After serial
PET/CT imaging, 144-h terminal biodistribution studies were con-
ducted on OVCAR3-, OVCAR4-, OVCARS-, and OVCARS8-bearing
NwNu mice. For serial biodistribution studies with [%Zr]Zr-DFO-
huAR9.6 (3 ug), OVCAR3-bearing R2G2 mice were injected with
1.06 £0.11 MBq, OVCAR4-bearing Nu/Nu mice were injected
with 1.11 = 0.05 MBq, OVCARS-bearing Nu/Nu mice were injected
with 1.11 £0.05 MBq, and OVCARS8-bearing Nu/Nu mice were
injected with 1.22 = 0.05 MBgq. In blockade cohorts, mice were injected

IMAGING AND THERAPY IN OVARIAN CANCER  *

with a mixture of [°Zr]Zr-DFO-huAR9.6 and a 100-fold excess (mass)
of unlabeled huAR9.6. For serial biodistribution studies with
['""Lu]Lu-CHX-A"-DTPA-huAR9.6 (3 ug), OVCAR3-bearing R2G2
mice were injected with 1.17 =£0.08 MBq. Radiotracer injections
(150 nL diluted with Chelex-treated phosphate-buffered saline) were
administered via the lateral tail vein.

Radioimmunotherapy

All mice were administered 60 pg of ['7’Lu]Lu-CHX-A"-DTPA-
huAR9.6 for therapy studies. R2G2 mice bearing OVCAR3 tumors
were separated into 3 cohorts for administration of 9.25 MBq (TV,
247.4 +128.70 mm>; n = 15), 18.5 MBq (TV, 398.40 + 135.10 mm’;
n = 5), or 27.75 MBq (TV, 356.05+ 127.12 mm®, n = 5) of
['"7Lu]Lu-CHX-A"-DTPA-huAR9.6 to determine the most efficacious
dose. Two additional cohorts were used as controls: saline (TV,
247.73 + 157.65 mm®; n = 10) and ['7’Lu]Lu-CHX-A"-DTPA-IgG1
isotype control (9.25 MBq; TV, 186.36 + 102.67 mm?>; n = 10). The
average body weight for mice bearing OVCAR3 xenografts was
29.3*+3.1g. R2G2 mice bearing OVCARS5 and OVCARS tumors
were separated into 3 cohorts: saline (OVCARS TV, 146.78 * 68.36
mm® [n = 10], and OVCARS TV, 184.66 =42.48 mm® [n = 5]),
9.25 MBq of ['7’Lu]Lu-CHX-A”-DTPA-IgG1 isotype control
(OVCARS5 TV, 184.66 + 62.59 mm® [n = 10], and OVCARS TV,
207.52 %= 79.77 mm® [n = 5]), and 9.25 MBq of ['”’Lu]Lu-CHX-A"-
DTPA-huAR9.6 (OVCARS TV, 182,99 =94.71 mm’ [z = 10], and
OVCARS TV, 388.48 =118.91 [n = 5]). The average body weight
was 22.0*14g for mice bearing OVCARS xenografts and
26.0 = 1.6 g for mice bearing OVCARS xenografts. Tumor measure-
ments were taken twice a week, and weekly blood draws were
obtained for analysis on the element HTS hematology analyzer
(HESKA). The endpoints were a tumor size of more than 2,000 mm?,
tumor ulceration or necrosis, severe petechiae, and a 20% weight loss
if food or fluid did not improve the health status of the animal after
the start of weight loss. Mice whose weight decreased received supple-
mental DietGel (ClearH,0). Vernier calipers were used to measure the
tumor dimensions, and the following equation was used to calculate

TV (mm)*:
(5 ()

where « is the longest axis of the tumor (mm) and b is the axis perpendicu-
lar to the longest axis (mm).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism, version
10. Unpaired, 2-tailed # tests were used to analyze cell-binding assays.
A 1-way ANOVA was used for analysis of organ uptake in biodistri-
bution experiments. A correction for multiple comparisons was per-
formed using the Tukey—Kramer method. Analysis of survival
experiments was performed via a log rank (Mantel-Cox) test. A
P value of less than 0.05 was considered significant.

Data Availability
The data generated in this study are available on request from the
corresponding author.

RESULTS

HuAR9.6 Can Delineate Varying MUC16 Expression Levels
in OC

[#°Zr]Zr-DFO-huAR9.6 was synthesized with high radiochemi-
cal purity (>98%), high specific activity (~0.37 MBqg/p.g), and
was shown to be stable in human serum (Supplemental Figs. 1, 2,
3A, and 3B) (21,22). To assess the in vitro binding of huAR9.6,
we conducted radioligand bead-based (23), saturation-binding,
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cell-binding, and flow cytometry assays. [3°Zr]Zr-DFO-huAR9.6
showed high and specific binding to MUCI16 in the bead-based
assay (Supplemental Fig. 3C) and bound to the highly MUC16-
expressing OVCAR3 cells with high affinity (dissociation con-
stant, 6.2nM) (Supplemental Fig. 4). The cell-binding assay with
OVCAR3 (MUCI16-positive/high), OVCAR4 (MUCI16-positive/
high), OVCARS (MUCI16-positive/low), and OVCARS (MUC16-
negative) showed strong binding to OVCAR3 (~76%) and
OVCAR4 (~75%), minimal binding to OVCARS5 (~20%), and no
binding to OVCARS (Fig. 1A). Flow cytometry analysis with
huAR9.6 correlated with cell-binding data showing high binding
to OVCAR3 and OVCAR4, marginal binding to OVCARS, and
no binding to OVCARS (Fig. 1B; Supplemental Fig. 5). Addition-
ally, we analyzed MUCI6 messenger RNA expression levels in
each cell line via real-time polymerase chain reaction. The results
demonstrated varying MUCI6 messenger RNA expression levels,
with the highest messenger RNA expression seen in the OVCAR4
cell line (Supplemental Fig. 6). To further investigate the binding
of huAR9.6, nude mice were xenografted with OVCAR3,

OVCAR4, OVCARS, or OVCARS subcutaneous tumors, and ex
vivo immunohistochemical analysis on tissue slices from these
tumors was performed. Staining with huAR9.6 confirmed high
expression in OVCAR3 and OVCAR4, minimal expression in
OVCARS, and no expression in OVCARS (Fig. 1C).

Building on our previous work with [3°Zr]Zr-DFO-huAR9.6
(10), we analyzed the behavior of [¥°Zr]Zr-DFO-huAR9.6 in nude
mice bearing OVCAR3, OVCAR4, OVCARS, and OVCARS sub-
cutaneous xenografts. Immuno-PET imaging showed high uptake
of the radiotracer at 144h after injection in OVCAR3 and
OVCAR4 tumors, low uptake in OVCARS tumors, and minimal
signal in OVCARS tumors (Fig. 1D). Biodistribution data at 144 h
confirmed the uptake seen in the PET images, reaching approxi-
mately 35%, 30%, 13%, and 1% in OVCAR3, OVCAR4,
OVCARS, and OVCARS tumors, respectively (Fig. 1E; Supple-
mental Figs. 7-10). [3°Zr]Zr-DFO-huAR9.6 was also analyzed in
R2G2 mice in preparation for therapy studies. R2G2 mice have a
higher subcutaneous uptake rate by OC tumors than do nude mice
and are more radioresistant than NSG mice (Jackson Laboratory).
Biodistribution studies on R2G2 mice with
[8°Zr]Zr-DFO-huAR9.6 confirmed signifi-

OVCAR3 OVCAR4

Coronal

Alexa Fluor 488

OVCARS

A dkkE RREKE ki B 25 B ovCARE B OVCARA cant tumor uptake by 72h, which could be

i - W OVCARS I OVCARS blocked with the addition of unlabeled
i huAR9.6 (Supplemental Fig. 11).

@ g 150K

Sa B ] ['"’Lu]Lu-CHX-A"-DTPA-huAR9.6

2 Demonstrates Robust Antitumor Effects
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5 : S R ['7’Lu]Lu-CHX-A"-DTPA-huAR9.6
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was synthesized at high radiochemical
purity and was stable in human serum
over 7 d (Supplemental Figs. 12, 13, 14A,
and 14B). The radioimmunoconjugate
maintained highly specific binding to the
OVCAR3 cell line (Supplemental Figs.

14C and 15) and significant tumor uptake
in the R2G2 model (Supplemental Fig.
16). A radioimmunotherapy study was per-
formed on OVCAR3 tumor—bearing R2G2
mice. The mice were divided into 3
cohorts of [!7’Lu]Lu-CHX-A"-DTPA-
huAR9.6 with different specific activities:
e 9.25, 18.5, and 27.75 MBq. ['"Lu]Lu-
CHX-A"-DTPA-huAR9.6 doses were con-
firmed by dosimetry estimates that were
generated from xenografted OVCAR3
mouse biodistribution studies (Supplemen-
tal Fig. 17) (24-28). The dosimetry esti-
mates indicated the appropriate dose to
achieve tumor response while maintaining
tolerable radiation exposure of healthy tis-

Il OVCAR3
I OVCAR4
Bl OVCARS
Il OVCARS

Tumor

FIGURE 1.

ward scatter area; T = tumor.

582

huAR9.6 can differentiate between OC cells with high and low MUC16 expression
in vitro and in vivo. (A) Radioligand cell-binding assay with [89Zr]Zr-DFO-huAR9.6 in cell lines with
varying levels of MUC16 expression. Binding was significantly reduced with administration of 1,000-
fold excess blocking dose of nonlabeled huAR9.6. (B) In vitro validation of huAR9.6-AF488 binding in
OC cells via flow cytometry. (C) huAR9.6 immunohistochemical staining images of harvested
OVCAR3, OVCAR4, OVCARS5, and OVCARS8 subcutaneous tumors. Arrow indicates MUC16 expres-
sion on surface of OVCARS cells. (D) Female nude mice containing subcutaneous tumors that were
injected with 7.4-9.25 MBq (20-25 p.g) of [*°Zr]Zr-DFO-huAR9.6 followed by PET imaging. (E) Termi-
nal biodistributions at 144 h after injection. n = 3 for OVCAR4 and OVCARS; n = 4 for OVCAR3 and
OVCARS. *P = 0.05. P = 0.001. ***P = 0.0001. %ID = percentage injected dose; FSC-A = for-

sues (29,30). This study also included 2
control groups: saline and a 9.25-MBq
['"Lu]Lu-CHX-A"-DTPA-IgG  isotype
control. Overall survival in the 9.25- and
18.5-MBq cohorts was significantly higher
than in the saline and IgG control groups
(Fig. 2A). Potent antitumor effects were
seen in all cohorts in comparison to con-
trol groups (Fig. 2B; Supplemental Fig.
18). All 5 mice in the 18.5-MBq cohort
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FIGURE 2. ['""Lu]Lu-CHX-A"-DTPA-huAR9.6 treatment improves over-
all survival and inhibits tumor growth in OVCAR3-bearing mice. (A and B)
Overall survival percentage (A) and TV (mm®) growth curves (B) of R2G2
OVCARB3-bearing mice after treatment. Significant tumor growth inhibition
was observed in all treated mice in comparison to saline and IgG isotype
controls. Shading represents 95% CI. ***P = 0.001. ***P = 0.0001.

and 2 of 5 mice in 27.75-MBq cohort had complete and durable
responses after a single dose of [!7’Lu]Lu-CHX-A"-DTPA-
huAR9.6. Two mice in the 27.75-MBq group died of undetermined
causes (days 13 and 15 after injection); however, these mice were
experiencing decreases in body weight and blood cell counts
before death. The third mouse was euthanized because it lost more
than 20% of its initial body weight (day 29 after injection).

Nine of 15 tumors in the lowest-dose ['7’Lu]Lu-CHX-A"-
DTPA-huAR9.6 cohort demonstrated recurrence at an approxi-
mate range of 5-10 wk after treatment. Mouse 2 was not retreated,
because it developed a severe skin infection, and mouse 12 was
euthanized to harvest the tumor for analysis. Immunohistochemi-
cal analysis with huAR9.6 was performed to confirm maintenance
of MUCI16 expression (Supplemental Fig. 19). Three mice with
recurrent tumors (mice 6-8) were injected with [3°Zr]Zr-DFO-
huAR9.6 (day 60 after treatment). PET/CT imaging confirmed
MUCI16 expression (Fig. 3A), suggesting the opportunity for
retreatment with [!7Lu]Lu-CHX-A"-DTPA-huAR9.6. The mice
received 9.25 MBq of [!7"Lu]Lu-CHX-A"-DTPA-huAR9.6 (day
75 after initial treatment), which led to a complete response by
approximately 6 wk after injection (Fig. 3B). The remaining 4
mice (mice // and /3-15) with recurrent tumors were also
injected with another 9.25-MBq dose of ['7’Lu]Lu-CHX-A"-
DTPA-huAR9.6 (day 121 after initial treatment), and uptake of
the radiopharmaceutical was confirmed via
SPECT/CT (Supplemental Fig. 20A). The

Fig. 21A). This result is likely attributable to the low MUCI16
expression of OVCARS tumors. In addition, the delayed tumor
growth seen in the [!”7Lu]Lu-CHX-A"-DTPA-IgG group was likely
due to the enhanced permeability and retention effect, which allows
for nonspecific accumulation in the tumor. Although the antitumor
effect of [V7"Lu]Lu-CHX-A"-DTPA-huAR9.6 was not significant in
comparison to ['7’Lu]Lu-CHX-A"-DTPA-IgG, mice in the treat-
ment group showed improved overall survival in comparison to the
saline control group, whereas the ['7’Lu]Lu-CHX-A"-DTPA-IgG
group did not show improved survival (Supplemental Figs. 21B and
22). No significant antitumor effects were seen in the OVCARS
xenografts in comparison to controls, as expected from the lack of
MUCI16 expression in this model (Supplemental Fig. 23).

Hematologic Toxicity Is Transient in ['7’Lu]Lu-CHX-A"-DTPA-
huAR9.6-Treated Mice

Estimates of murine dosimetry implicated hematologic toxicity as
the likely predominant radiogenic toxicity for radioimmunotherapy
(Supplemental Fig. 17). To test the significance of hematologic tox-
icity, weekly blood analysis was implemented throughout the study
in OVCAR3, OVCARS, and OVCARS xenografts (Supplemental
Figs. 24-26). The mean white blood cell, red blood cell, and platelet
counts in OVCAR3 xenografts showed a dose-dependent decrease
(Figs. 4A—4C). Platelet and white blood cell counts were most sensi-
tive to radiation, but all cell counts recovered close to pretherapy
levels or ranges after therapy initiation. Overall, hematologic toxicity
was transient, with a nadir at 2-3 wk. Recovery to pretherapy values
was achieved; that is, values recovered to =1 SD of the average pre-
therapy values. To assess outward signs of toxicity, the mice were
weighted twice weekly and monitored for observable symptoms,
including changes in behavior and appearance. Significant weight
loss was seen in 1 OVCAR3-bearing mouse in both the 18.5-MBq
and the 27.75-MBq ['7"Lu]Lu-CHX-A"-DTPA-huAR9.6 groups
(Fig. 4D; Supplemental Fig. 27). Mice in the 27.75-MBq ['7"Lu]Lu-
CHX-A"-DTPA-huAR9.6 group demonstrated greater weight loss
than mice in the lower-dose groups, indicating a dose-dependent tox-
icity response, with a nadir at about 2 wk. Mild petechia was also
observed in the 27.75-MBq cohort. Similarly, weight loss was seen
in OVCARS xenografts that received 9.25 MBq of ['7’Lu]Lu-CHX-
A”-DTPA-huAR9.6 or ['7"Lu]Lu-CHX-A"-DTPA-IgG. However,
average weight loss in those 2 groups did not exceed the 20% cutoff,
with a nadir at about 2 wk (Supplemental Figs. 28 and 29).

tumors completely regressed by approxi- | A Mouse 6
mately 6 wk after retreatment (Supplemen-
tal Fig. 20B) but recurred at about 8 wk.
Additional radioimmunotherapy studies
were performed on OVCARS (MUC16-pos-
itive/low) and OVCARS8 (MUC16-negative)
xenografts. Both studies consisted of a group
receiving a single 9.25-MBq dose of
["""Lu]Lu-CHX-A"-DTPA-huAR9.6, a sa-
line control group, and a group receiving a
single 9.25-MBq dose of [!”’Lu]Lu-CHX-

nMie
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72 h PETICT
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B 9.25 MBq of ['77Lu]Lu-DTPA-huARS.6 retreatment
in OVCARS3 bearing mice
Day 75
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A"-DTPA-IgG. ['""Lu]Lu-CHX-A"-DTPA-
huAR9.6 delayed tumor growth in the
OVCARS xenografts in comparison to the
saline control; however, this effect was not
significant in comparison to the ['”’Lu]Lu-

CHX-A"-DTPA-IgG group (Supplemental projection; T = tumor.
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FIGURE 3. ['"“Lu]Lu-CHX-A"-DTPA-huAR9.6 still shows strong antitumor effects in recurrent
tumors. (A) 72-h PET/CT imaging with [2°Zr]Zr-DFO-huAR9.6 shows that OVCARS recurrent tumors
still strongly express MUC16. Images are represented as maximume-intensity projections. (B) Individ-
ual TVs for recurrent OVCAR3 tumors. Mice were retreated with 9.25 MBq of ['/Lu]Lu-CHX-A"-
DTPA-huAR9.6 at day 75 of therapy. %ID = percentage injected dose; MIP = maximum-intensity
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FIGURE 4. Hematologic toxicity is transient in ['”"Lu]Lu-CHX-A"-DTPA-
huAR9.6-treated mice with OVCARS3 tumors. (A-C) White blood cell
counts (A), red blood cell counts (B), and platelet counts (C) in OVCAR3-
bearing mice that received ['""Lu]Lu-CHX-A"-DTPA-huAR9.6 treatment.
Shading indicates mean = SD of values collected from entire cohort of
OVCAR3-bearing mice before therapy initiation (week 0). (D) Mean relative
weight percentages for OVCARS-bearing mice in each cohort. RBC = red
blood cell; WBC = white blood cell.

DISCUSSION

A theranostic approach integrates the diagnostic and therapeutic
agent into a single platform (37). This method offers great poten-
tial to solve the challenges presented by late-stage diagnosis and
poor therapeutic response. There is a critical need for earlier detec-
tion methods and additional precision-based therapies against
novel targets for OC patients; therefore, we proposed the use of a
radiotheranostic approach using huAR9.6.

huAR9.6 has a novel mechanism of action in comparison to
other MUCI1 6-targeting antibodies (9,32,33). In addition, huAR9.6
is a humanized antibody, allowing for higher tolerance and
decreased immunogenicity in comparison to murine antibodies.
We validated the diagnostic agent, [3°Zr]Zr-DFO-huAR9.6, in OC
xenografts with varying MUC16 expression levels. Off-target
uptake was identified within the liver and spleen, as may be attrib-
uted to MUCI16 being a shed antigen, clearance of immunocom-
plexes by the reticuloendothelial system, or nonspecific binding of
huAR9.6 to hepatic Fc receptors. In an OC patient study, the
MUCI6-targeting antibody (B43.13) showed binding to circulat-
ing MUC16 in the serum of patients, and the radioimmunoconju-
gate accumulated within the reticuloendothelial system (34,35).
For our studies, serum levels of MUC16 were not detected via
enzyme-linked immunosorbent assay. This can be attributed to a
lack of high levels of MUC16 shed into the bloodstream in subcu-
taneous mouse models. Nonspecific binding to Fc receptors in the
liver is common for radiolabeled full-length IgG antibodies
because these antibodies still have an intact Fc region (36,37).
Nonspecific uptake in these organs did not significantly affect
tumor uptake; however, nonspecific uptake could potentially be
blocked with the administration of an excess of unlabeled antibody
before administration of its radiolabeled counterpart (38,39). Anti-
bodies targeting shed antigen have been successfully used in the
clinic for immuno-PET imaging with this approach (40).
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Tumor uptake in OVCAR3, OVCARS, and OVCARS xenografts
correlated  with  ['77Lu]Lu-CHX-A"-DTPA-huAR9.6  therapy
response. ['77Lu]Lu-CHX-A"-DTPA-huAR9.6 portrayed strong
antitumor effects in all 3 tested doses in OVCAR3 xenografts. The
maximum efficacious dose was 27.75 MBq; however, this dose did
cause significant toxicity in 3 of the 5 mice. The 9.25- and 18.5-MBq
['"7Lu]Lu-CHX-A"-DTPA-huAR9.6 cohorts experienced signifi-
cantly improved overall survival in comparison to the saline control.
Therapy with a single dose of [!”’Lu]Lu-CHX-A"-DTPA-huAR9.6
did not have strong antitumor effects in OVCARS xenografts. It is
possible that a single dose of ['77Lu]Lu-CHX-A"-DTPA-huAR9.6 is
not sufficient to treat tumors with low MUCI16 expression. Addi-
tional studies are warranted to investigate whether multiple doses
would be beneficial in this model.

Tumor recurrence after a single low dose of ['7’Lu]Lu-CHX-
A"-DTPA-huAR9.6 did occur in a few OVCAR3-bearing mice.
We hypothesized that a second administration of ['”’Lu]Lu-CHX-
A"-DTPA-huAR9.6 could be beneficial for retreating the recurrent
tumors. The diagnostic agent, [¥°Zr]Zr-DFO-huAR9.6, allowed us
to predict whether the mice with recurrent tumors could benefit
from a second administration of the radioimmunotherapy. Recur-
rent tumor burden was completely regressed with a second dose of
['77Lu]Lu-CHX-A"-DTPA-huAR9.6, indicating that multiple
doses are beneficial for retreatment. However, tumor recurrence
did occur about 60 d after the second dose in 2 of 7 retreated
mice, and a third dose was not tested.

Radioimmunotherapy is often limited by hematologic toxicity
due to slow clearance of the radiotracer from the blood (47). The
treatment cohorts demonstrated dose-dependent toxicity, with the
most severe reduction in platelet and white blood cell counts seen
in the highest-dose cohort (27.75 MBq). However, hematologic
effects from the radioimmunotherapy were transient, and blood
counts rebounded over time.

CONCLUSION

The combination of the highly specific huAR9.6 antibody with
a PET or therapeutic radionuclide allowed us to identify and treat
tumors noninvasively. In this work, we validated the theranostic
capability of [¥°Zr]Zr-DFO-huAR9.6 in OC models. Furthermore,
we demonstrated the strong antitumor effects of [!”’Lu]Lu-CHX-
A"-DTPA-huAR9.6 in highly MUC16-expressing tumors. These
findings demonstrate great potential for using 8°Zr- and '"’Lu-
labeled huAR9.6 as a theranostic pair for the identification and
personalized treatment of MUC16-positive OC.
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KEY POINTS

QUESTION: Can %°Zr- and """ Lu-labeled huAR9.6 be used as a
theranostic platform for the diagnosis and treatment of OC?

PERTINENT FINDINGS: Hypoglycosylated MUC16 isoforms in OC
can be detected via immuno-PET imaging with the MUC16-
targeting radiotracer [*°Zr]Zr-DFO-huAR9.6. In vivo studies showed
that [?°Zr]Zr-DFO-huAR9.6 could successfully delineate varying
MUC16 expression levels in OC mouse models. Subsequent radio-
immunotherapy studies with ['”Lu]Lu-CHX-A"-DTPA-huAR9.6
demonstrated improved overall survival and strong antitumor
responses in highly MUC16-expressing models.

IMPLICATIONS FOR PATIENT CARE: Immuno-PET imaging of
MUC16 with the huAR9.6 mAb may allow for noninvasive diagno-
sis and treatment monitoring of OC lesions in patients. This thera-
nostic platform may be used to stratify and select patients who
would benefit from the targeted radioimmunotherapy.
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Peptide Binder to Glypican-3 as a Theranostic Agent for

Hepatocellular Carcinoma
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Glypican-3 (GPC3) is a membrane-associated glycoprotein that is sig-
nificantly upregulated in hepatocellular carcinomas (HCC) with mini-
mal to no expression in normal tissues. The differential expression of
GPC3 between tumor and normal tissues provides an opportunity for
targeted radiopharmaceutical therapy to treat HCC, a leading cause
of cancer-related deaths worldwide. Methods: DOTA-RYZ-GPC3
(RAYZ-8009) comprises a novel macrocyclic peptide binder to GPC3,
a linker, and a chelator that can be complexed with different radioiso-
topes. The binding affinity was determined by surface plasma reso-
nance and radioligand binding assays. Target-mediated cellular
internalization was radiometrically measured at multiple time points. In
vivo biodistribution, monotherapy, and combination treatments with
771y or 225Ac were performed on HCC xenografts. Results: RAYZ-
8009 showed high binding affinity to GPC3 protein of human, mouse,
canine, and cynomolgus monkey origins and no binding to other glypi-
can family members. Potent cellular binding was confirmed in GPC3-
positive HepG2 cells and was not affected by isotope switching.
RAYZ-8009 achieved efficient internalization on binding to HepG2
cells. Biodistribution study of '77Lu-RAYZ-8009 showed sustained
tumor uptake and fast renal clearance, with minimal or no uptake in
other normal tissues. Tumor-specific uptake was also demonstrated
in orthotopic HCC tumors, with no uptake in surrounding liver tissue.
Therapeutically, significant and durable tumor regression and survival
benefit were achieved with '77Lu- and ?*®Ac-labeled RAYZ-8009, as
single agents and in combination with lenvatinib, in GPC3-positive
HCC xenografts. Conclusion: Preclinical in vitro and in vivo data dem-
onstrate the potential of RAYZ-8009 as a theranostic agent for the
treatment of patients with GPC3-positive HCC.

Key Words: GPC3; HCC; targeted radiotherapy; actinium; theranostics
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Liver cancer is the sixth most diagnosed cancer and third most
common cause of cancer deaths globally. In 2020, there were an
estimated 905,677 new diagnoses and 830,180 deaths worldwide
(1), and the incidence and mortality continue to worsen, likely
because of an increase in nonalcoholic fatty liver disease (2). Of
all liver cancer cases, hepatocellular carcinoma (HCC) accounts
for approximately 85%. Although first-line systemic treatments
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such as atezolizumab/bevacizumab, tremelimumab-acti/durvalu-
mab, and lenvatinib have shown encouraging clinical benefits in
patients with unresectable HCC, more work is urgently needed to
identify and exploit the vulnerabilities of HCC and improve treat-
ment outcomes.

Glypican-3 (GPC3) is a membrane-associated heparan sulfate
proteoglycan (3), involved primarily in embryonic development,
and its expression levels decrease significantly after birth (3).
Although barely detectable in normal adult tissues (4), a signifi-
cant upregulation of GPC3 in HCC has been observed in up to
75% of cases (5—7) and appears to correlate with a poor prognosis
(8,9). The expression of GPC3 can potentially be used to distin-
guish HCC from noncancerous pathologies such as focal nodular
hyperplasia or cirrhosis (/0,/1). Besides HCC, GPC3 expression
has also been observed in other adult and pediatric cancers, such
as lung adenocarcinoma and squamous cell carcinoma (/2,13),
embryonal tumors (/4), testicular germ cell tumors (/5), and lipo-
sarcoma (/6).

Because of its high expression in cancer and minimum expression
in normal tissues, GPC3 is considered an attractive target for tumor-
directed cancer therapy (/7). Particularly, GPC3 CAR T-cell treat-
ments have yielded promising results in both adult (/8) and pediatric
(19) HCC patients. Similarly, the differential expression also provides
a basis for discovering and developing GPC3-targeted radiopharma-
ceutical therapy, especially for treatment-resistant or -refractory
patients after first-line therapy to address disseminated disease and
metastases (20). Previously, imaging studies with GPC3-targeted anti-
bodies labeled with 24T (21) or ¥Zr (22) have shown tumor-specific
uptake with low background uptake. In this report, we describe
in vitro, in vivo, and ex vivo characteristics of DOTA-RYZ-GPC3
(RAYZ-8009), a potent and selective GPC3 peptide binder, for treat-
ment of HCC.

MATERIALS AND METHODS

Detailed reagents and experimental procedures are included in the
supplemental materials and methods (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Discovery of RAYZ-8009. RAYZ-8009 comprises a novel macro-
cyclic peptide binder to GPC3 and a chelator that binds radiometal iso-
topes. The GPC3 binder was discovered using the Peptide Discovery
Platform System, a proprietary screening system of PeptiDream Inc.
(23). From the initial library consisting of more than 1,013 unique
peptides, GPC3-specific binders were enriched using His-tagged
GPC3 (catalog no. 2119-GP; R&D Systems) immobilized on cobalt
magnetic beads (Dynabeads [catalog no. 10103D]; Life Technologies
Corp.) via iterative selection rounds (24,25). One of the enriched
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TABLE 1
Binding of RAYZ-8009 Conjugated with Different Stable
Isotopes to HepG2 Cells

Half-maximal
Inhibition inhibitory
Compound constant (nM) concentration (nM)
175 u-RAYZ-8009 6.73 9.35
139 a-RAYZ-8009 11.19 15.67
69Ga-RAYZ-8009 9.77 13.67

Binding affinity of '*°La-RAYZ-8009 and ®°Ga-RAYZ-8009 to
human GPC3 was determined using competitive radioligand
binding assay in HepG2 human HCC cells. '"7Lu-RAYZ-8009 was
used as competitive radioligand, and '"°Lu-RAYZ-8009 was used
as reference ligand.

peptides was further optimized chemically, and subsequent installation
of a metal chelator afforded RAYZ-8009.

Cell Lines and Cell Culture. Human HCC cell lines were
obtained from American Type Culture Collection, and the authentica-
tion and pathogen testing were performed at IDEXX Bio Research.
Cells passaged fewer than 4 times were used for in vivo experiments.

Use of 13°La as Surrogate for °**Ac. '*°La was used in place of
225Ac in some nonclinical studies, as there is no stable isotope in the
lanthanide series and La®* is regarded as an appropriate surrogate for
225 A¢ in preclinical studies (26-28).

Preparation of '”” Lu-RAYZ-8009 and ** Ac-RAYZ-8009. RAYZ-
8009 was labeled at a molar activity of 3.7 MBg/nmol (for in vitro
and biodistribution studies) or 55.5 MBg/nmol (for efficacy studies)
with ['7’Lu]LuCl; (Isotopia). Quality control of '7’Lu-RAYZ-8009
was performed by radio—high-performance liquid chromatography
with a reverse-phase C18 column at the end of synthesis. The 22°Ac
(P Ac]Ac(NOs);) was provided by the U.S. Department of Energy
(managed by the National Isotope Development Center) and dissolved in
0.5M HCI to form [**Ac]AcCls. The [**Ac]AcCl; solution was added
to a reaction mixture consisting of sodium acetate (0.4 M) in water at pH
6.5. After the addition of RAYZ-8009, the reaction was incubated for
15 min at 90°C. Quality control of > Ac-RAYZ-8009 was performed by
radio—thin-layer chromatography analysis, with silicic acid thin-layer
chromatography plates as the solid phase and diethylenetriaminepentaace-
tic acid in water as the mobile phase, at the end of synthesis.

Biodistribution of 77 Lu-RAYZ-8009 in HepG2 Tumor—Bearing
Mice. Animal studies were conducted under RayzeBio’s animal care
and use protocols. Biodistribution was studied on athymic nude mice
harboring subcutaneously implanted HepG2 tumor. After single intra-
venous injections of 3.7 MBq (3.7 MBg/mmol) of }"Lu-RAYZ-8009,
tumor and normal tissues (n = 3) were collected at various time points
and weighed, and the radioactivities were analyzed by +y-counting

(Hidex). For dosimetry estimation, the time-integrated activity coeffi-
cient was obtained with monoexponential direct fitting and manual rel-
ative mass scaling and was used to estimate organ-specific absorbed
doses in OLINDA.

SPECT Imaging. Static tumor images were acquired using the
nanoSPECT imaging system (Mediso Imaging Systems). A whole-body
CT scan was acquired (7 min, 50 kVp, and exposure time of 300 ms), fol-
lowed by a static SPECT image (~20min, multipinhole) with primary
7"Lu energy windows of 208keV * 10% (187-228keV), 112keV +
10% (101-124keV), and 56keV (tertiary peak). For the subcutaneous
HepG2 xenograft model, tumor-bearing mice received a bolus intrave-
nous dose of 3.7 MBq of '"’Lu-RAYZ-8009 and were scanned 72 and
96h after injection. For the orthotopic HepG2 model, tumor-bearing
mice received a bolus intravenous dose of 3.7 MBq of ""Lu-RAYZ-
8009 and were scanned 2, 48, and 240 h after injection.

In Vivo Efficacy Studies. For the cell line—derived xenograft model,
a cell suspension was diluted with RPMI medium containing 50% Matri-
gel (catalog no. 354234; Corning) to a concentration of 5 X 107 cells/mL.
Athymic female nude mice were subcutaneously inoculated in the right
hind flank with 5 X 10° cells per mouse. Tumor volume (mm?®) was
assessed twice weekly and calculated as width® length-0.5. Animals were
weighed individually on the days indicated in the graphs. Cage-side obser-
vations were performed daily on animals from the date of inoculation
through study termination. Individual animals were killed when tumor vol-
ume reached about 2,000 mm>, tumors became ulcerated, or the mice
became moribund or had more than a 20% net weight loss lasting 3 d.

RESULTS

Binding Affinity and Specificity of RAYZ-8009 to GPC3

By surface plasma resonance, the binding equilibrium dissocia-
tion constant values of RAYZ-8009 were 0.35 and 0.42nM for
human and mouse GPC3, respectively (Supplemental Fig.
1)."7Lu-RAYZ-8009 bound to GPC3-expressing HepG2 cells
with a dissociation constant of 10.8 nM as determined by a satura-
tion radioligand binding assay (Supplemental Fig. 2). The binding
between RAYZ-8009 and human GPC3 was not affected by the
chelated isotopes '7°Lu, '3°La, or ®*Ga, as shown in Table 1 and
Supplemental Figure 3, with comparable inhibition constants and
half-maximal inhibitory concentrations measured by a competitive
radioligand binding assay on HepG2 cells. Furthermore, RAYZ-
8009 showed similar binding potencies to human, mouse, canine,
and cynomolgus monkey GPC3 proteins (Table 2; Supplemental
Fig. 4), which enables nonclinical pharmacokinetic and toxicity
studies. In addition, '”7Lu-RAYZ-8009 exhibited binding specifi-
city to GPC3, with no cross-reactivity to other human glypican
family member proteins (Fig. 1).

Internalization of '"’Lu-RAYZ-8009
The internalized and surface-bound fractions of radioactivity
were measured using a Microbeta counter (Perkin Elmer) at 20,

TABLE 2
Cross-Species Binding of '77Lu-RAYZ-8009 to Recombinant Human, Mouse, Canine, and Cynomolgus Monkey GPC3

Parameter Human GPC3 Mouse GPC3 Canine GPC3 Cynomolgus GPC3
Half-maximal effective concentration (nM) 1.92 1.33 5.73 4.42
Dissociation constant (nM) 2.08 1.37 5.40 3.97

Cross-species GPC3 binding of '"7Lu-RAYZ-8009 was evaluated in radioligand binding assay with recombinant mouse, canine, and
cynomolgus monkey GPC3. Recombinant human GPC3 was used as positive control.
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FIGURE 1. Binding specificity of '7’Lu-RAYZ-8009 among human glypi-
can family proteins. Radioligand saturation binding of '"”Lu-RAYZ-8009
was determined with 5pg/mL concentration of recombinant human
GPC1, GPC2, GPC3, GPC4, GPC5, and GPC6 proteins. '7’Lu-RAYZ-
8009 exhibited binding specificity to GPC3 with half-maximal effective
concentration of 12.5nM, without cross-reactivity to other human glypican
proteins. CCPM = corrected counts per minute.

40, 60, 90, and 120min after incubation of '”’Lu-RAYZ-8009
with HepG2 cells at 37°C. 7’Lu-RAYZ-8009 showed rapid inter-
nalization on binding to GPC3, with 41.6% internalized within
20min and a peak internalization of 58.6% observed at 90 min

(Fig. 2).

Pharmacokinetics in Mice

Plasma concentration—time curves for RAYZ-8009 are shown
in Supplemental Figure 5. After intravenous administration at
Smg/kg in female athymic nude mice, RAYZ-8009 showed a
plasma clearance of 7.63 mL/min/kg and a half-life of 0.30 h. The
volume of distribution was 0.172 L/kg, and the area under the
plasma concentration—time curve from time zero to the last quanti-
fiable concentration was 10,891 ng-h/mL. In both male and female
C57BL/6 mice at 2 and 20mg/kg doses of RAYZ-8009, the
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FIGURE 2. Internalization kinetics of '""Lu-RAYZ-8009 in HepG2 cells.
Internalized and surface-bound fractions of radioactivity were measured
at indicated time points after incubation of '77Lu-RAYZ-8009 with HepG2
cells at 37°C. Percentage internalization was calculated as ratio of inter-
nalized radioactivity to total (surface bound + internalized) activity. """ Lu-
RAYZ-8009 showed rapid internalization, with peak of 58.6% at 90 min.
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exposure appeared to be dose-proportional and independent of
sex. The projected half-life in humans based on the mouse phar-
macokinetic studies is about 2.2 h.

Biodistribution and SPECT of '"’Lu-RAYZ-8009 in HepG2
Tumor-Bearing Mice

HepG2 tumor-bearing female athymic nude mice were intrave-
nously dosed with a single injection of '"’Lu-RAYZ-8009 at a
molar activity of 3.7 MBg/nmol. The mean injected activity was
3.9 MBq (3.7 MBq planned). Animals (3 per time point) were
cuthanized at 1, 2, 6, 24, 48, 96, 192, and 288 h after injection
(Fig. 3A). The tumor-to-kidney ratios were 3.69, 11.33, 15.04,
22.29, and 12.37, with a tumoral percent injected dose per gram
(%ID/g) of 16.63, 16.39, 8.76, 2.56, and 2.38, at 24, 48, 96, 192,
and 288 h after dosing, respectively (Table 3). Kidney uptake was
highest at 1h after dosing and steadily declined throughout the
288-h study. By 96h, the kidney levels dropped to 0.67 = 0.16
%ID/g. The activity injected was cleared primarily in the first 24 h
after dosing via excretion (71.40 %ID/g), with a smaller percent-
age recovered in kidneys (4.67 %ID/g) and other normal tissues
(5.47 %ID/g) and the remainder retained in the tumor (16.63 %ID/
g) (Table 3). Additionally, static tumor images were acquired at 72
and 96h after dosing (Fig. 3B), confirming sustained tumor

- 1h
2 h
mEh

== 43 h
== 96 h
== 192h
= 288 0

|. il Lo o

o - | "—1 [ |
G"ub gﬁf::f é@"q@i’\ \,&‘Z g:; j’;f & eé‘ip ;\;; & °°°fb f:;: ;;’:; ﬁf d::;:“ &

o &

B Mouse # 1 Mouse # 2 Mouse # 3

T2h 96 h T7zh 86 h

FIGURE 3. Biodistribution of '"’Lu-RAYZ-8009 in HepG2 xenograft
model after single intravenous injection. (A) HepG2 tumor-bearing mice
were intravenously dosed with '77Lu-RAYZ-8009 (3.9 MBg, 3.7 MBg/nmol).
Animals (3 per time point) were euthanized at indicated time points after
injection. Various tissues were weighed, and radioactivities were measured
by y-counting. (B) Static tumor SPECT images were acquired at 72 and
96 h after dosing. %ID/g = percentage injected activity per gram; bottom
half = remaining tissues not collected from directly below diaphragm to
base of tail; top half = remaining tissues not collected from diaphragm to
top of head.
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TABLE 3
Ex Vivo Biodistribution After Single Intravenous Injection of 177Lu-RAYZ-8009 to Female Nude Mice Bearing
HepG2 Xenografted Tumor

Average %ID/g

Organ 1h 2h 6h 24h 48h 96 h 192h 288h
Blood 0.54 0.03 0.01 0.01 0.01 0.00 0.00 0.00

Muscle 0.077 0.051 0.049 0.026 0.007 0.02 0.00 0.00

Tumor 25.28 19.77 16.08 16.63 16.39 8.76 2.56 2.38

Kidney 19.50 16.14 11.56 4.67 1.60 0.67 0.11 0.19

Adrenal glands 0.374 0.284 0.201 0.315 0.102 0.071 0.014 0.014
Heart 0.197 0.103 0.080 0.047 0.022 0.008 0.001 0.001
Lung 1.234 1.266 0.839 0.377 0.107 0.050 0.007 0.009
Spleen 0.314 0.273 0.348 0.285 0.740 0.075 0.028 0.116
Stomach 0.257 0.117 0.173 0.102 0.028 0.018 0.002 0.003
Uterus 1.097 0.269 0.325 0.189 0.071 0.058 0.026 0.043
Bladder wall 1.451 0.151 0.207 0.054 0.241 0.057 0.018 0.018
Bone 0.086 0.048 0.055 0.036 0.021 0.008 0.004 0.002
Bone marrow 0.228 0.104 0.067 0.176 0.139 0.025 0.003 0.000
Gallbladder 0.298 0.463 0.411 0.709 0.928 0.080 0.023 0.009
Cecum 0.106 0.402 0.573 0.575 1.621 0.456 0.095 0.159
Pancreas 0.279 0.308 0.175 0.076 0.023 0.009 0.001 0.000
Liver 0.263 0.133 0.090 0.463 0.159 0.060 0.020 0.044
Small intestine 0.403 1.126 0.138 0.415 0.208 0.077 0.022 0.184
Large intestine 0.532 0.621 0.451 0.634 1.872 0.306 0.107 0.248
Top half 0.326 0.227 0.186 0.143 0.047 0.016 0.003 0.006
Bottom half 1.235 0.250 0.183 0.246 0.097 0.055 0.012 0.017
Tail 1.645 0.506 0.234 0.593 0.120 0.057 0.015 0.166
Tumor-to-kidney ratio 1.29 1.25 1.76 3.69 11.33 15.04 22.29 12.37

Tumor-to-liver ratio 108.74 244.41 189.66 62.96 104.80 148.36 145.51 55.89

Top half = remaining tissues not collected from diaphragm to top of head; bottom half = remaining tissues not collected from directly

below diaphragm to base of tail.

retention with minimal normal-tissue background uptake. Prelimi-
nary human dosimetry estimation based on HepG2 ex vivo biodis-
tribution data indicated kidneys to be the dose-limiting organ
(0.0858 Gy/GBq, vs. tumor at 0.779 G/GBq). When 23 Gy were
used as the dose limit for kidneys, the maximal tumor dose was
estimated to be about 209 Gy.

Tumor-Specific Uptake of '"7Lu-RAYZ-8009 in Orthotopic
HepG2 HCC Model

Mice bearing orthotopically implanted HepG2 tumors were intra-
venously dosed with '7"Lu-RAYZ-8009 at 3.7 MBg/animal. Images
were acquired at 2h, 48h, and 10 d after dosing (Supplemental
Fig. 6). 17"Lu-RAYZ-8009 was confirmed to bind specifically to the
tumor while sparing the surrounding normal liver tissue.

Antitumor Activity of 77Lu- and 22°Ac-RAYZ-8009 in
HepG2 Xenografts

HepG2 tumor—bearing mice (10/group) were administered a sin-
gle intravenous dose of either !7’Lu-RAYZ-8009 (55.5 MBg/nmol)
at 37 MBg/mouse or 22°Ac-RAYZ-8009 (0.185 MBg/nmol) at
0.0111, 0.0185, or 0.037 MBg/mouse. On day 26 (time of

GLYPICAN-3 TARGETING IN LIVER CANCER  *

termination of vehicle group), !”’Lu-RAYZ-8009 exhibited 87.5%
tumor growth inhibition (TGI) relative to vehicle, and 22°Ac-
RAYZ-8009 achieved a 76.4%, 79.5%, or 85.1% TGI at 0.0111,
0.0185, or 0.037 MBgq, respectively (Fig. 4A). At a dose 1,000
times lower, 22>Ac-RAYZ-8009 (0.037 MBq) was as efficacious in
TGI as '""Lu-RAYZ-8009 (37 MBq). No significant body weight
change or clinical signs of stress were observed in any groups.

Antitumor Activity of '7"Lu- and 22°Ac-RAYZ-8009 in
Hep3B Xenografts

Hep3B tumor-bearing mice (10/group) were dosed with 225Ac-
RAYZ-8009 (0.185 MBg/nmol) at 0.037 or 0.111 MBg/mouse or
with '"7Lu-RAYZ-8009 (55.5 MBg/nmol) at 111 MBg/mouse.
Treatment with RAYZ-8009 labeled with either isotope resulted in
prolonged tumor regression (Fig. 4B). On day 22 after dosing (at
the time of termination of the vehicle group), !”’Lu-RAYZ-8009
at 111 MBq resulted in a TGI of 109.8% relative to vehicle con-
trol, whereas 2>Ac-RAYZ-8009 at 0.111 or 0.037 MBg/mouse
resulted in a TGI of 102.3% and 89.2%, respectively. At a dose
1,000 times lower, 22>Ac-RAYZ-8009 (0.111 MBq) was as effica-
cious in TGI as '""Lu-RAYZ-8009 (111 MBgq). Further tumor
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FIGURE 4. Antitumor activity of radiolabeled RAYZ-8009. (A) Antitumor
activity of '77Lu-RAYZ-8009 and ?°Ac-RAYZ-8009 in HepG2 xenografts
that received single intravenous dose of either '7"Lu-RAYZ-8009 at
37 MBg/mouse or 2?°Ac-RAYZ-8009 at 0.0111, 0.0185, or
0.037 MBg/mouse. (B) Antitumor activity of '"’Lu-RAYZ-8009 and
2257c-RAYZ-8009 in Hep3B xenografts that received single dose of
225Ac-RAYZ-8009 at 0.037 or 0.111 MBg/mouse or '7’Lu-RAYZ-8009 at
111 MBg/mouse.

regression was observed in all treatment groups after day 22 for an
additional 68 d. The most durable response was achieved with
0.111 MBq of ?*>Ac-RAYZ-8009. No significant body weight
change or clinical signs of stress were observed in any groups.

Antitumor Activity of 7"Lu- and 22°Ac-RAYZ-8009 When
Combined with Lenvatinib

Lenvatinib is a standard-of-care therapy for advanced HCC. To
study the potential of combining lenvatinib with RAYZ-8009,
HepG2 tumor-bearing mice (10/group) were dosed with either
vehicle, '77Lu-RAYZ-8009 alone (11.1 MBg/mouse intrave-
nously), lenvatinib alone (30 mg/kg orally every day for 10 d), or
a combination of ’Lu-RAYZ-8009 with lenvatinib. Treatment with
lenvatinib alone and '”’Lu-RAYZ-8009 alone resulted in a 32% and
49% TGl, respectively, on day 36 after dosing (time of termination for
the vehicle group), whereas the lenvatinib—!""Lu-RAYZ-8009 combi-
nation led to an improved TGI of 86% (P < 0.0007; Fig. 5A). In a
separate study with Hep3B xenograft mice (10/group), treatment with
lenvatinib alone (30 mg/kg orally every day for 10 d) and 2*Ac-
RAYZ-8009 alone (0.0111 MBg/mouse) resulted in a 75% and 94%
TGI, respectively, on day 24 after dosing (time of termination for
the vehicle group), whereas the lenvatinib-22>Ac-RAYZ-8009
combination resulted in a TGI of 97% compared with vehicle alone
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FIGURE 5. Antitumor activity of radiolabeled RAYZ-8009 in combination
with lenvatinib. (A) Combination of '"’Lu-RAYZ-8009 and lenvatinib in
HepG2 xenografts. Tumor-bearing mice were dosed with single intrave-
nous injection of vehicle, '"’Lu-RAYZ-8009 alone (11.1 MBg/mouse),
lenvatinib alone (30 mg/kg orally every day for 10 d), or combination of
177Lu-RAYZ-8009 with lenvatinib. (B) Combination of 22°Ac-RAYZ-8009
and lenvatinib in Hep3B xenografts. Tumor-bearing mice were dosed
with single intravenous injection of vehicle, 2*Ac-RAYZ-8009 alone
(0.0111 MBg/mouse), lenvatinib alone (30 mg/kg orally every day for 10 d),
or combination of 22°Ac-RAYZ-8009 with lenvatinib.

(P < 0.0009; Fig. 5B). No significant body weight change or clini-
cal signs of stress were observed in any groups.

DISCUSSION

Although many HCC cases can be attributed to liver cirrhosis
and chronic liver diseases (29,30), GPC3 is detected only in HCC
and not in cirrhotic liver tissue or other benign conditions (Supple-
mental Fig. 7) (31,32). Therefore, GPC3 can potentially serve as a
diagnostic marker for distinguishing HCC from other non-HCC
conditions (/0,11). Besides HCC, other adult (33) and pediatric
(34) cancer types that express GPC3 and can potentially benefit
from a GPC3-directed theranostic approach include squamous
lung cancer (/2), embryonal tumors (/4), testicular germ cell
tumors (/5), and liposarcoma (16).

Radiopharmaceutical therapy is a rapidly growing area in cancer
drug development, with 2 agents (!”’Lu-DOTATATE [Lutathera;
Novartis] and !'7’Lu-vipivotide tetraxetan [Pluvicto; Novartis])
having recently been approved by the Food and Drug Administra-
tion (35,36) and an 2*Ac-based radiopharmaceutical therapy
being in phase 3 clinical evaluation (37,38). Peptide-based radio-
pharmaceuticals are preferred over antibodies because of several
advantages, including better tumor penetration, ease of synthesis
and modification, and low immunogenicity (39). However, previ-
ously reported GPC3 peptide binders appear to lack specificity
or potency suitable for radiopharmaceutical therapy applications
(40—42). In this study, RAYZ-8009 showed significantly higher
affinity to GPC3 than other reported binders (47,43—45), an exqui-
site specificity to GPC3 with no binding to any other glypican
family proteins, and compatibility with multiple radiometal iso-
topes. These properties make RAYZ-8009 suitable for theranostic
development.

In tumor-bearing animals, !”’Lu-RAYZ-8009 exhibited sustained
tumor-specific uptake and fast renal clearance. The sustained tumor
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retention is likely the result of high binding affinity to GPC3 and
efficient internalization. In line with minimal GPC3 expression in
normal tissues by immunohistochemistry, there are minimal or unde-
tectable signals in other normal tissues and organs except for the kid-
ney, the primary route of clearance. Peptide uptake in the kidneys
can also be due to kidney-expressed amino acid transporters and
organic anion/cation transporters transiently binding the peptide
(46,47). Even so, the HepG2 tumor signals were consistently higher
than those in kidneys at all time points, with increasing tumor-to-
kidney ratios ranging from 1.25 at 2h to 22.29 at 192h after
injection.

In both HCC xenograft models, 22°Ac-RAYZ-8009 as a single
agent demonstrated dose-dependent antitumor activities including
sustained tumor regression. Compared with '7’Lu-RAYZ-8009,
225Ac-RAYZ-8009 treatment yielded comparable TGI with an
injected activity 1,000 times lower. The a-emitter 22> Ac-labeled
binder may offer several advantages over the B-emitter '"’Lu-
labeled binder. a-emitters typically have a short path in human tis-
sue (40-100 wm), equivalent to the thickness of 1-3 cell widths,
allowing for selective killing of targeted cancer cells while sparing
surrounding healthy tissue (48). Additionally, «-emitters can
generate linear energy transfer several magnitudes higher than
B-emitters, causing double-stranded DNA breaks and subsequent
cancer cell death with high efficiency (49,50). Along with higher
linear energy transfer, the cell-killing effect of a-particles is not
dependent on tumor oxidization status, whereas B-emitters are
dependent on oxygen for maximal effect (5/). Besides single-
agent activity, RAYZ-8009 showed superior antitumor efficacy
when combined with lenvatinib, one of the approved first-line
therapies for unresectable HCC.

CONCLUSION

RAYZ-8009 is a peptide-based, potent, and selective radiophar-
maceutical agent targeting GPC3-expression tumors. The favor-
able preclinical pharmacokinetic and biodistribution profiles, and
durable antitumor efficacy either as a single agent or in combina-
tion with standard-of-care TKI inhibitor, demonstrate the potential
of RAYZ-8009 as a theranostic agent for the treatment of patients
with GPC3-positive HCC.

KEY POINTS

QUESTION: Does targeting of GPC3 overexpression with a
radiopharmaceutical agent represent a promising therapeutic
strategy for HCC?

PERTINENT FINDINGS: Treatment with the highly potent and
selective GPC3-targeted peptide binder RAYZ-8009 conjugated
with either '""Lu or ?°Ac led to tumor-specific uptake of the
agent, resulting in sustained tumor regression in HCC xenograft
models.

IMPLICATIONS FOR PATIENT CARE: Preclinical data support
clinical development of RAYZ-8009 as a theranostic agent for
patients with HCC.
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The application of prostate-specific membrane antigen (PSMA)-
targeted o-therapy is a promising alternative to B~ -particle-based
treatments. 2'7At is among the potential a-emitters that are favorable
for this concept. Herein, 2''At-based PSMA radiopharmaceuticals
were designed, developed, and evaluated. Methods: To identify a
21 At-labeled lead, a surrogate strategy was applied. Because astatine
does not exist as a stable nuclide, it is commonly replaced with
iodine to mimic the pharmacokinetic behavior of the corresponding
21 At-labeled compounds. To facilitate the process of structural
design, iodine-based candidates were radiolabeled with the PET
radionuclide ®8Ga to study their preliminary in vitro and in vivo proper-
ties before the desired 2''At-labeled lead compound was formed.
The most promising candidate from this evaluation was chosen to
be 2'"At-labeled and tested in biodistribution studies. Results: All
88Ga-labeled surrogates displayed affinities in the nanomolar range
and specific internalization in PSMA-positive LNCaP cells. PET
imaging of these compounds identified [(3GalPSGa-3 as the lead
compound. Subsequently, [2''At]PSAt-3-Ga was synthesized in a
radiochemical yield of 35% and showed tumor uptake of 19 *+ 8 per-
centage injected dose per gram of tissue (%ID/g) at 1 h after injection
and 7.6 = 2.9 %ID/g after 24 h. Uptake in off-target tissues such as
the thyroid (2.0 = 1.1 %ID/g), spleen (3.0 = 0.6 %ID/g), or stomach
(2.0+=0.4 %ID/g) was low, indicating low in vivo deastatination of
[2"'At]PSAt-3-Ga. Conclusion: The reported findings support the use
of iodine-based and ®®Ga-labeled variants as a convenient strategy
for developing astatinated compounds and confirm "' AtjPSAt-3 as a
promising radiopharmaceutical for targeted a-therapy.
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DEVELOPMENT OF [2''AT]JPSAT-3-Ga - El Fakiri et al.

Metastatic castration-resistant prostate cancer is a disease
with poor prognosis and median survival times no longer than
12 mo (/-3). However, the recent approval by regulatory agencies
of the prostate-specific membrane antigen (PSMA )—targeted radio-
pharmaceutical ['”’Lu]Lu-PSMA-617 (Pluvicto; Novartis) is rais-
ing hope (4). Nevertheless, [!7’Lu]Lu-PSMA-617 is able to treat
only 50%—60% of late-stage metastatic castration-resistant prostate
cancer patients (5—7). It has been shown that PSMA-targeted
a-radiotherapy is an effective and promising alternative to 3~ -based
approaches (8,9). For example, the application of 223Ac-labeled
PSMA ligands resulted in positive outcomes for patients who did not
respond to !7"Lu-based therapy (10,11).

One of the most promising a-emitters is 2!'At. Its production is
scalable, and its relatively short half-life (7.2 h) matches the tumor
retention time of many targeting vectors (/2). Radionuclides with
half-lives that fit the biological tumor retention time of the target-
ing vector, such as 2!'At, should optimize the dose that can be
delivered, maximizing the therapeutic effect (/3). In addition,
using nuclides with half-lives shorter than that of, for example,
225A¢ can result in a lower radiation burden on nontarget tissues.
In addition, efforts have been made to explain the relative ineffec-
tiveness of therapeutic fibroblast activation protein inhibitor deri-
vatives using longer-lived radionuclides such as '"’Lu and *°Y
(14,15). Thus, it is not surprising that several >!!At-based radio-
pharmaceuticals targeting PSMA have been developed (16-19).

In this work, a class of 2!' At-labeled PSMA-targeting structures
based on the successful glutamate—urea—lysine construct was devel-
oped. The main aim was to possibly reduce deastatination and
mimic the biodistribution pattern of PSMA-617, including its abil-
ity to internalize into cells—a relevant feature, because cell inter-
nalization has been shown to positively correlate with therapeutic
effect for PSMA-targeting radiopharmaceuticals (20,27). Figure 1
displays the design rationale of the compounds. The glutamate—
urea—lysine construct was chosen to promote specificity and nano-
molar affinity toward PSMA. Aromatic amino acids in the linker
region were inserted to promote internalization via lipophilic inter-
action with the S1 aromatic region deep inside the PSMA binding
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lead candidate, [?"'At]-PSAt-3, is used as example. EuK = glutamate-
urea-lysine; PK = pharmacokinetics.

pocket (22). It was also chosen to 2!!At-astatinate the inhibitors
within this lipophilic linker region, because it was hypothesized
that this could shield 2!'At from oxidative species, which are sup-
posed to be responsible for deastatination processes (23). Conse-
quently, achievement of higher in vivo stability was expected using
this labeling approach. Finally, the DOTA chelator was preserved
in the structures to promote excretion because of the intrinsic polar-
ity of this moiety (24) and to have the possibility of radiolabeling
with ®Ga, which allowed more convenient in vitro and in vivo
evaluation. Therefore, ®®Ga-labeled iodine-based surrogates were
evaluated to approximate the in vivo behavior of their 2!! At-labeled
counterparts. This strategy was used because astatine does not exist
in a nonradioactive form; in addition, its scarce availability would
have made the evaluation studies even more challenging.

MATERIALS AND METHODS

Chemistry and Radiochemistry

The series of synthesized compounds is depicted in Figure 2. The
chemical synthesis of all derivatives was performed via standard solid
phase peptide synthesis (SPPS) or solution phase peptide synthesis
(25). All building blocks for peptide chemistry were from commercial
sources, except for silyl-containing amino acid 9, which was synthe-
sized using palladium-mediated chemistry (26). The precursor for
[*%Ga]Ga-PSMA-617 was obtained from commercial sources. Figure
3 outlines the general synthetic pathway for amino acid 9 and precur-
sors 18 and 11. Details on the syntheses and purifications are available
in the supplemental materials (supplemental materials are available at

http://jnm.snmjournals.org). Labeling with °*Ga was performed using
standard procedures; details are available in the supplemental materials.

211At was produced on a Scanditronix MC32 cyclotron (Copenha-
gen University Hospital) via the 2°’Bi(a,2n)?!' At reaction. Thereafter,
21TAt was isolated through dry distillation (Atley C100; Atley Solu-
tions) and recovered in chloroform for further processing.

For 2! At labeling, 2!'At in chloroform (50-200 MBq) was poured into
a V-shaped glass vial, and solvent was evaporated with a flow of nitrogen.
Afterward, a solution of the trimethylsilane precursor (precursor 18,
PSTMS-3) in methanol was added (5 pL, 50 nmol), followed by the addi-
tion of N-chlorosuccinimide (400 pg, 3.0 pmol) in 20 pL of methanol and
a 0.3 M methanol-acetic acid solution (20 pL). The whole mixture was
then evaporated to dryness with a gentle nitrogen flow. Thereafter, trifluor-
oacetic acid (20 pL) was added to the mixture and heated to 70°C for
10 min (27). Directly after labeling, the mixture was evaporated to dryness
and redissolved in sodium acetate buffer (80 pL, pH 5.5), followed by
addition of an excess of "™GaNO;. The solution was heated to 70°C for an
additional 10 min to ensure complete complexation. After radiolabeling
and cold complexation, the mixture was diluted to 200 pL by the addition
of an acetonitrile-water—trifluoroacetic acid mixture (20:80:0.1) and sub-
sequently purified by high-performance liquid chromatography. Collected
fractions containing [*'' AtJPSAt-3-Ga were diluted with water (10 mL)
and loaded onto a preconditioned hydrophilic lipophilic balanced car-
tridge (Chromafix HLB Small 60 pm; Macherey-Nagel). A solid phase
extraction cartridge was washed with water (5 mL), dried with air, and
[*''At]PSAt-3-Ga—eluted with 0.5 mL of absolute ethanol. The ethanol
was evaporated under a stream of nitrogen, and the compound was recon-
stituted in phosphate-buffered saline (pH 7.4) containing 5% ethanol.

Cell Culture and In Vitro Assays

For in vitro and in vivo evaluation of the compounds, the PSMA-
positive cell line LNCaP was used (CRL-17400; American Type Cul-
ture Collection). To this end, cells were cultured in RPMI medium
supplemented with 10% fetal calf serum, 1% sodium pyruvate, and
1% penicillin—streptomycin to avoid bacterial growth. Cells were kept
at 37°C in humidified air supplemented with 5% carbon dioxide; when
a confluence of at least 80% was reached, cells were harvested using
trypsin—ethylenediaminetetraacetic acid and subsequently processed.
Cells were regularly authenticated (last authentication April 2023) and
were Mycoplasma-free.

Internalization, plasma protein binding, lipophilicity, and binding
affinity assays were performed as described previously (28). Details
on the methodologies are provided in the supplemental materials.

In Vivo Evaluation
For PET imaging, 7- to 8-wk-old BALC/c nu/nu mice (Janvier) were
subcutaneously inoculated on their right flank with 5 X 10° LNCaP cells
(in a 1:1 ratio of phosphate-buffered saline to Matrigel; Corning). Once the
tumor size was about 1 cm®, mice were injected via the tail vein with
500 pmol of the **Ga-labeled compounds (10-15 MBq). A dynamic PET
scan spanning 0-60 min after injection was
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recorded (30 frames), followed by a nontrig-

“°°°“1NCOQH gered localizer and a 3-step, whole-body,
! f_(,,,_ ?‘)"’ T1-weighed, 3-dimensional MR scan (PET/MR
| Heide Lv'{_R 3T; Bruker BioSpin). In addition, static images

DOTA (10-min scan time) were recorded at 2 h after
: injection, also followed by a nontriggered locali-
zer and a 3-step, Tl-weighed, 3-dimensional
MR image. PET/MR data were obtained via
ParaVision version 3.0 (ParaVision) and recon-
structed through a maximum-likelihood expecta-

tion maximization algorithm at 0.5 mm for 18

FIGURE 2. Series of compounds synthesized for preliminary evaluation through their ®Ga-labeled
versions. Note presence of cold iodine in various strategic positions. EuK = glutamate-urea-lysine.
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iterations. MR-based attenuation correction was
applied to the reconstruction.
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FIGURE 3. (A) Synthetic pathway toward key amino acid 9 (Fmoc-3TMS-Phe). (a) AcCl, methanol,

80°C, 5h (i); BocoO, EtsN, tetrahydrofuran, room temperature (r.t.), overnight (o.n.) (ii). (b) Pdx(dba)s,
MesSi,, water, KHCO3, ™®CgPPh, dimethylformamide, 100°C, 72 h. (c) LiOH, tetrahydrofuran/water,
rt., 1.5h (i); 4M HCI, dioxane, r.t., 30 min (ii). (d) Fmoc-Cl, 10% NaHCOg(queousydioxane, 0°C, 2h.
(B) Synthesis and subsequent radiolabeling of lead candidate precursors PSGa-3 and PSTMS-3.
(e) Standard solid-phase peptide synthesis: hexafluorophosphate azabenzotriazole tetramethy! uro-
nium, N,N-diisopropylethylamine, dimethylformamide, 35°C, 60min to o.n. (); 20% piperidine in
dimethylformamide, 35°C, 10 min (ji); trifluoroacetic acid-water-triisopropylsilane (94:3:3), r.t., 2h, or
4M HCI, dioxane, r.t., 2h (iii). () ®*Ga®", (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (1.0M,
pH 4.0), 95°C, 5min. (g) 2"'At, methanol, trifluoroacetic acid, 70°C, 10min (); 10mM "*Ga(NO); in

These compounds were used as surrogates
to study the pharmacokinetic behavior of
their corresponding 2!!At-labeled counter-
parts. They were synthesized according to
reported procedures (25,28), with overall
yields of 2%-15%. In all cases, the key
intermediate was the dissolved or resin-
supported lysine—urea—glutamate construct,
and syntheses were performed using single-
peptide coupling steps that led to overall
yields of 4%-15%, typical for SPPS proce-
dures. More details on the syntheses and
analytic data are shown in the supplemen-
tal materials.

Precursor. Synthesis of silyl precursor
18 was successful in a 6-step SPPS
sequence with an overall yield of 2%. The
key intermediate, nonnatural amino acid 9,
could be obtained in an overall yield of
10% over 4 steps. Figure 3 displays the
synthetic strategy. Details on the synthetic
procedures, along with analytic data, are
shown in the supplemental materials.

Radiochemistry

0.1 M HCI, NaOAc buffer (pH 4.5), 70°C, 10 min (ji).

For biodistribution of [?''At]PSAt-3-Ga, the same tumor model
was used. Once the tumors were sizable, mice were injected via the
tail vein with approximately 100 kBq of [*'' At]PSAt-3-Ga. Mice were
killed at 2, 6, and 24 h after injection (» = 4—6 per time point), and
organs of interest were harvested. Organs included heart, lungs, liver,
salivary glands, thyroid (trachea), spleen, stomach, small intestine, and
kidneys; blood, tail, and grafted LNCaP tumor were also harvested.
After weighing, each organ was measured in an automated y-counter
(Hidex AMG) with an energy window of 60—100 keV. The percentage
injected dose per gram of tissue (%ID/g) was calculated using the
amount of solution injected and the animal or organ weight. All counts
were decay-corrected and standardized to the injection solution.

All animal experiments were performed according to the directive
2010/63/EU of the European Parliament and the European Council on
the protection of animals used for scientific purposes and approved by
the Danish Animal Experiments Inspectorate under an approved ani-
mal license (2021-15-0201-01041, approved December 2021, biodis-
tribution studies), as well as the Federal Republic of Germany,
Regional Council Freiburg (35-9185.81/G18/04, approved February
2018, PET/MR studies). In all cases, mice were housed upon arrival in
groups to acclimatize them for a week with a light-to-dark period of
12:12 h and under controlled environmental conditions. Access to
fresh water and standard pellet diet was provided ad libitum.

Statistics

All experiments were performed at least in triplicate, with the exception
of PET/MRI (n = 1). All multiple measurement results are expressed as
mean = SD. Data were analyzed and plotted using Prism (version 8.0.1;
GraphPad Software). Applicable P values were determined by Student
t test and were considered significant when smaller than 0.05.

RESULTS

Chemistry
Reference Compounds. Eight PSMA iodine-bearing derivatives
(PSGa-2 through PSGa-9) were successfully synthesized (Fig. 2).

DEVELOPMENT OF [2''AT]JPSAT-3-Ga - El Fakiri et al.

Labeling with 2!!At was performed
through trimethylsilyl-bearing precursors
(27). The radiolabeling of precursor 18
was successful, with a radiochemical conversion of 75% and a
radiochemical yield of 35% after "*Ga®* complexation and high-
performance liquid chromatography purification. ®Ga labeling was
performed following conditions described in the supplemental materi-
als and resulted in radiochemical conversions of at least 98% for all
iodine-bearing analogs. Radiochemical conversion and radiochemical
yield were determined according to consensus guidelines (29).

In Vitro Evaluation

Physicochemical properties such as lipophilicity (logDpp7.4 in
n-octanol and phosphate-buffered saline) of the *®Ga-labeled deri-
vatives and plasma protein binding were determined, with results
in the expected ranges. These are summarized in Table 1.

Internalization studies of the ®®Ga-labeled derivatives showed
specific uptake within LNCaP cells (Table 1) after 45 min of incu-
bation. Uptake was specific as proven by blocking experiments
with 2-phosphonomethyl pentanedioic acid. Binding affinities
were in the nanomolar range for all tested *®Ga-labeled inhibitors
(Table 1). [*®Ga]Ga-PSGa-4 or [*®Ga]Ga-PSGa-5 and [**Ga]Ga-
PSGa-6 showed an inhibitor constant 2-fold lower than that of
[*8Ga]Ga-PSMA-617. Other compounds displayed binding affini-
ties similar to that of [*3Ga]Ga-PSMA-617 (P > 0.05). With
regard to internalization, [°®Ga]Ga-PSGa-6 internalization was sig-
nificantly lower than that of [*®Ga]Ga-PSMA-617 (P = 0.046),
whereas the rest of the tested compounds showed nonsignificant
differences compared with [**Ga]Ga-PSMA-617 (P > 0.05).

PET/MRI

PET imaging in LNCaP xenograft mice revealed fast tumor
uptake accompanied by rapid clearance through renal pathways
for all %®Ga-labeled compounds. All tracers showed uptake higher
than or similar to that of [*®Ga]Ga-PSMA-617, with peak tumor
accumulation of 0.4-0.6 SUV (g/mL) within 0—60 min after injec-
tion. Tumor uptake slightly decreased over time, resulting in tumor
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TABLE 1
In Vitro Characterization Data of ®3Ga-Labeled Surrogate Compounds (n = 3)

Specific internalization

Plasma protein binding (%)

Compound (%AA/10° cells)* K, (nM)* Lipophilicity* Mouse Human

PSMA-617 0.14 £ 0.04 17.8+5.9 -3.5+0.1 63.3+2.4 76.7 £ 3.2
PSGa-2 0.15+0.06 27.4+3.0 -3.4+0.1 66.6 +0.5 76.4+0.9
PSGa-3 0.16 = 0.03 28.7+4.4 -3.8+0.1 55.8+2.3 67.5+4.2
PSGa-4 0.05 +0.01 14.7+4.6 -3.7+0.2 55.9+0.9 70.5+3.5
PSGa-5 0.14 = 0.05 12.9+1.8 —-3.6 0.1 66.2 = 4.7 71.8 1.1
PSGa-6 0.02 =0.01 141 +3.8 -25+0.2 51.5+1.5 65.6 = 3.2
PSGa-7 0.16 = 0.02 30.5+8.9 —-2.1+0.1 83.7+1.0 87.3+0.8
PSGa-8 0.15+0.03 17.7+2.2 -3.0£0.2 81.5+1.2 96.7 = 1.8
PSGa-9 0.13 £0.04 23.4+3.7 -29=+0.1 84.2+1.1 94.0+1.0

*Specific internalization refers to total internalization (n = 3) corrected with blocked internalization in presence of 500 uM
2-phosphonomethyl pentanedioic acid, expressed as percentage applied activity (%AA) per 10° cells.
TInhibitor constant (K;) is determined through Cheng-Prusoff method in competition assay (n = 3) with 0.75 nM [*®Ga]Ga-PSMA-10

(Kq = 3.8 =1.8nM).
*Lipophilicity is I0gDocypes-
oct = n-octanol; PBS = phosphate-buffered saline.

retention at 2 h after injection of 0.2-0.5 SUV (g/mL), with the high-
est SUV for [°Ga]Ga-PSGa-9. The highest tumor uptake was
observed for [®®Ga]Ga-PSGa-7, with SUV,. (2mL) of 0.7 at
15 min after injection. High imaging contrast (tumor-to-muscle ratios
of 3.6-6.6 at 1h after injection) could be detected at early time
points (Fig. 4). PET scan data showed the best tumor accumulation
values for compounds [*®Ga]Ga-PSGa-7 to [*®*Ga]Ga-PSGa-9;

however, these compounds were accompanied by higher kidney
retention. Compounds [*Ga]Ga-PSGa-2 to [**Ga]Ga-PSGa-5 showed
marginally lower SUVs in the tumor but quicker renal clearance.

[2''At]PSAt-3 Biodistribution
Figure 5 shows the biodistribution of [*!!At]PSAt-3-Ga in the
LNCaP mouse xenograft (supplemental materials include a table
with detailed values). Tumor enrichment of

PSMA-617

PSGa-2 PSGa-5 PSGa-7

= 2.0
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[>''At]PSAt-3-Ga was high, with 19+ 8
%ID/g at 1h after injection. Uptake was
reduced over 24h to 7.6 2.9 %ID/g. In
comparison, the gold standard PSMA-617
showed similar pharmacokinetic behavior
but with higher retention at 24h after
injection (supplemental materials). Deastati-
nation occurred only to a minor extent, as
exemplified by low uptake in organs such
as the stomach (1.6 =04 %ID/g), spleen
(3.1 0.6 %ID/g), and thyroid or trachea
(1.6 = 1.1 %ID/g) at 1h after injection. The
clearance of [>''At]PSAt-3-Ga was through
renal pathways, with high kidney uptake at
early time points (82 + 15 %ID/g at 1h
after injection and 44 =8 %ID/g at 6h
after injection), followed by rapid washout
over 24h, leading to 8.0=4.2 %ID/g.
Uptake of [*''At]PSAt-3-Ga in salivary
glands was low (2.0 = 0.7 %ID/g at 1 h after
injection and 0.4 = 0.1 %ID/g at 24h after

PSMA-617
P5Ga-2
P3Ga-3
PSGa-4
PSGa-5
PSGa-7
P5Ga-8
P5Ga-9

injection) and did not increase over time.
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FIGURE 4. (A) PET/MRI maximum intensity projections 2h after injection of 0.5nmol of ®4Ga-
labeled surrogate compounds and reference PSMA-617. (B) Tumor-to-kidney ratios 2 h after injec-
tion. (C) Tumor accumulation (SUV) 0-60 min after injection in LNCaP nude mouse (BALB/c nu/nu)
model (n = 1). B = bladder; K = kidney; T = tumor.
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DISCUSSION

The compounds in the reported series
are based on preclinically and clinically
successful PSMA-targeting compounds



A B Encouraged by these results, the **Ga-
100+ 500 labeled compounds (besides [*®*Ga]Ga-
80 = 2hpi. % 400 = 2hpi PSGa-6, because of its poor internz.ulizat%on

= 6hp. = 300 B Ghp.i rate) were progressed to PET imaging
o oL o 2o . .

2 b | | B 24 hpi. 2 200 l | mm 24 h pi. studies in an LNCaP mouse xenograft.

z 37 ‘3'100 Dynamic scans of the compounds were
20+ 5 recorded 060 min after injection. For all
104 5 50 structures, time—activity curves (Fig. 4;

o 0 supplemental materials) revealed a fast
S PO B P8 0 R g pharmacokinetic profile with peak tumor
T \?«oﬁ,@ﬁ ) @,\,@}" E%\ °°° & o @"" \a“"' x@“,;s\ 0@ accumulation of 0.4-0.7 SUV (g/mL) and
Q“b < excretion through renal pathways. As
< & expected, clearance for [*Ga]Ga-PSGa-7
68 :
FIGURE 5. (A) Biodistribution (%ID/g) of 2" APSAt-3-Ga in dissected organs (1 — 4 for 2h after 1 [ 0a]Ga-PSGa-9 was slightly slower,

injection; n = 6 for 6 and 24 h after injection). (B) Tumor-to-organ ratios (n = 4 for 2 h after injection;
n = 6 for 6 and 24 h after injection). Detailed values in supplemental materials. p.i. = postinjection.

that show sufficient tumor uptake, tumor retention, high cell inter-
nalization, and rapid excretion. The main goal of this study was to
design radiopharmaceuticals that can accommodate a halogen and
do so without causing a significant change in the pharmacokinetic
profile of the radioligand while decreasing deastatination (Figs. 1
and 2). To this end, 2 strategies were followed. First, the aim was
to replace or complement the 2-naphthyl-L-alanine aromatic system
with iodine-bearing L-phenylalanine derivatives. It was hypothe-
sized that this strategy would not significantly modify the binding
and internalization properties of the ligands (30). Second, it is
known that the 2-naphthyl-L-alanine aromatic system interacts with
the accessory PSMA lipophilic site, improving binding (37). By
placing the carbon-astatine bond in this lipophilic site, its stability
could be potentially increased as its exposure to oxidative species
was reduced (23). To modulate the polarity of the compounds and
thereby influence their pharmacokinetic profile, especially with
regard to their clearance, they were conjugated to a DOTA chelator.
This addition allows imaging of surrogate compounds by replacing
astatine with iodine—for example, labeling DOTA with %®Ga or
""In—whereas the astatinated versions could serve therapeutic
purposes.

In this respect and for ease of handling, the compound series was
initially evaluated as the *®Ga-labeled version. This served as a start-
ing point for the full in vitro characterization of the inhibitors, as well
as a preliminary pharmacokinetic study through PET imaging. In vitro
evaluation of the *®Ga-labeled compounds involved internalization
and competitive binding affinity assays. The results from the internali-
zation assays showed that the chemical modifications did not affect
the ability of the ligands to internalize, with one exception. [**Ga]Ga-
PSGa-4 had a surprisingly low rate of internalization. The reason for
this unexpected behavior is unknown. Furthermore, it was confirmed
that the cyclohexyl moiety is essential to promote internalization.
[*Ga]Ga-PSGa-6, which lacks this aliphatic cycle, showed very low
uptake in PSMA-positive LNCaP cells. Binding affinities were in the
same nanomolar range as for the gold standard [*®Ga]Ga-PSMA-617.
These findings were expected, because the binding affinity is mainly
driven by the glutamate—urea-lysine construct (32). LogDyu74 deter-
mination confirmed the hydrophilic nature of the compounds. As
expected, the slightly more lipophilic compounds PSGa-7 to PSGa-9
displayed higher binding toward plasma proteins than did their more
hydrophilic counterparts (Table 1). As such, they were expected not
only to result in marginally higher tumor uptake but also to be
excreted somewhat more slowly (33).
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along with narrowly higher tumor accumu-
lation. Additional static images at 2 h after
injection confirmed the pharmacokinetic
behavior of the series (Figs. 4A and 4B).
Tumor uptake and retention of the compounds were high for all
candidates, with slightly increased values for [**Ga]Ga-PSGa-7 to
[*®Ga]Ga-PSGa-9. However, these compounds also showed low-
ered kidney-to-tumor ratios—most likely because of their slower
clearance rate. Because high kidney retention has been shown
to be detrimental for targeted a-radiotherapy (/6), PSGa-7 to
PSGa-9 were excluded from further studies using 2!'At. Because
compounds PSGa-2, PSGa-3, and PSGa-5 showed similar pharma-
cokinetic profiles, similar internalization rates, and affinities in the
same nanomolar order, it was decided to furnish [>''At]PSAt-3.
This decision was mainly driven by the synthetic accessibility of
[2''At]PSAt-3 and its precursor compared with PSAt-2 and PSAt-
5 (supplemental materials provide detailed information).

The chosen evaluation strategy, based on the short-lived radionu-
clide ®®Ga, can assess only early biodistribution time points, and as
such, this strategy cannot predict the residence time of the tested
compounds, which in turn is positively correlated with therapeutic
outcomes. Because ' At also possesses a relatively short half-life,
early biodistribution might be sufficient to select the most promis-
ing candidate for 2!'At labeling. Consequently, the trimethylsilyl-
containing precursor 18 of [*''At]JPSAt-3 was synthesized. The
choice of a trimethylsilyl over a stannyl-leaving group was mainly
based on the higher stability of the silyl moiety compared with
stannanes, as organotin compounds are sensitive to acidic condi-
tions and cannot be easily applied to standard SPPS procedures
(34). In contrast, the trimethylsilyl group allowed the introduction
of amino acid 9 into standard SPPS procedures. Amino acid 9 is
the key intermediate to introduce the silyl-based precursor moiety
into precursor 18. However, the use of trimethylsilyl is not exempt
of shortcomings, because its reactivity is relatively low toward
electrophilic aromatic substitutions. Higher temperatures (around
70°C) in neat trifluoroacetic acid have to be used (27). As these
conditions lead to cyclization of the unprotected glutamate—urea—
lysine structural motif (35), a relatively complex product mixture
was observed after radiolabeling of [*''At]JPSAt-3 (supplemental
materials). However, [2!' At]PSAt-3 was successfully isolated in suf-
ficient radiochemical yield (35%) and radiochemical purity (=98%).

To mimic the pharmacokinetic behavior of [**Ga]Ga-PSGa-3,
"Ga’t was chelated into the DOTA moiety of [2!'At]PSAt-3.
Omission of the metal in the chelator moiety can have an effect on
the pharmacokinetic profile of the ligand (36). Afterward, biodis-
tribution studies of [*!!At]PSAt-3-Ga were performed in an
LNCaP xenograft model and revealed that [*!'At]JPSAt-3-Ga
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exhibited favorable tumor-targeting properties (Fig. 5), as evi-
denced by tumor accumulation of 19*8 %ID/g at 1h and
7.6 £2.9 %ID/g at 24 h after injection. These values are compara-
ble to those reported for other 2!! At-labeled PSMA-targeting com-
pounds (/7). For both [>'!At]PSAt-3-Ga and the previously
reported compounds, tumor retention decreases around 50% at
24h after injection compared with that of [!”’Lu]Lu-PSMA-617
(supplemental materials) when a similar dose (~100 kBq) is
administered to the tumor-bearing mice. A potential explanation
for the decrease in tumor uptake would be the effect of an a-emitter,
such as 2!'At, on tumor cells compared with the weaker B-emitter. A
lower dose of 2!'At might already be sufficient to eradicate some
tumorous cells and therefore decrease the %ID/g at 24 h after injec-
tion. Such effectivity of a-emitters has been proven with similar sin-
gle doses of 22>Ac-labeled radiopharmaceuticals (37,38). In addition,
kidney retention for [*''At]PSAt-3-Ga compared with ['7’Lu]Lu-
PSMA-617 is similar at early time points, albeit slightly higher at 24 h
after injection. [>''At]PSAt-3-Ga also showed low accumulation in
organs related to deastatination, with a maximum of 3.6 = 0.8 %ID/g
in the thyroid at 6h after injection. This is in line with the initial
hypothesis that positioning the astatine in the PSMA lipophilic acces-
sory pocket prevents deastatination, highlighting the need for careful
design of astatinated radiopharmaceuticals to prevent deastatination.
However, careful validation studies need to be performed to better
assert deastatination, especially in animals such as mice, in which the
small size of the deastatination organ markers could lead to increased
errors in the %ID/g determinations.

CONCLUSION

In this study, a series of compounds was synthesized and evalu-
ated in vitro and through PET imaging using ®®Ga-labeled and
iodine-substituted versions to identify a lead compound and then
develop a 2!'At-labeled PSMA radiopharmaceutical. This lead
compound was finally radiolabeled with 2!'At for biodistribution
studies in an LNCaP xenograft model. [2!' At]PSAt-3-Ga demon-
strated favorable distribution, with good tumor accumulation, ade-
quate renal-mediated clearance, and negligible deastatination. The
results highlight [>!!At]PSAt-3-Ga as a compound not inferior to
the previously reported 2! At-labeled PSMA-targeting compounds
and emphasize the need for a head-to-head comparison using the
same animal model to identify the best candidate. Nevertheless,
the findings herein described establish [*''At]PSAt-3-Ga among
the leading candidates for PSMA-targeted a-radiotherapy and pre-
clinical efficacy, as well as comparison studies with other com-
pounds or radionuclides that are under way.
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KEY POINTS

QUESTION: Can clinically relevant PSMA-targeting compounds
be used as a good platform for developing an a-emitting inhibitor,
with their similar favorable pharmacokinetic properties?

PERTINENT FINDINGS: The rationally designed > At|PSAt-3-Ga
showed a satisfactory pharmacokinetic profile with good tumor
uptake and negligible nontarget tissue accumulation.

IMPLICATIONS FOR PATIENT CARE: If proven effective in
controlling tumor growth or eradicating tumors in preclinical
models, [?'' AfjPSAt-3-Ga could be translated into clinical settings
for application in targeted a-therapy. In addition, this work
strengthens the theses of bringing 2" At into clinical practice

as a better and more efficient alternative to current a-emitting
radionuclides.
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Can Internal Carotid Arteries Be Used for Noninvasive
Quantification of Brain PET Studies?

Laura Providéncia, Chris W.J. van der Weijden, Philipp Mohr, Joyce van Sluis, Johannes H. van Snick,
Riemer H.J.A. Slart, Rudi A.J.O. Dierckx, Adriaan A. Lammertsma, and Charalampos Tsoumpas

Department of Nuclear Medicine and Molecular Imaging, University Medical Center Groningen, University of Groningen, Groningen,

The Netherlands

Because of the limited axial field of view of conventional PET scanners,
the internal carotid arteries are commonly used to obtain an image-
derived input function (IDIF) in quantitative brain PET. However, time-
activity curves extracted from the internal carotids are prone to partial-
volume effects due to the limited PET resolution. This study aimed to
assess the use of the internal carotids for quantifying brain glucose
metabolism before and after partial-volume correction. Methods:
Dynamic ['®F]FDG images were acquired on a 106-cm-long PET scan-
ner, and quantification was performed with a 2-tissue-compartment
model and Patlak analysis using an IDIF extracted from the internal car-
otids. An IDIF extracted from the ascending aorta was used as ground
truth. Results: The internal carotid IDIF underestimated the area
under the curve by 37% compared with the ascending aorta IDIF,
leading to K; values approximately 17% higher. After partial-volume
correction, the mean relative K; differences calculated with the ascend-
ing aorta and internal carotid IDIFs dropped to 7.5% and 0.05%,
when using a 2-tissue-compartment model and Patlak analysis,
respectively. However, microparameters (K, ko, k3) derived from the
corrected internal carotid curve differed significantly from those
obtained using the ascending aorta. Conclusion: These results sug-
gest that partial-volume—corrected internal carotids may be used to
estimate K; but not kinetic microparameters. Further validation in a
larger patient cohort with more variable kinetics is needed for more
definitive conclusions.

Key Words: cerebral glucose consumption; image-derived input
function; PET; kinetic modeling; partial-volume correction

J Nucl Med 2024; 65:600-606
DOI: 10.2967/jnumed.123.266675

Fully quantitative PET studies of the brain provide a more accu-
rate assessment of the underlying physiologic processes than SUV
analyses. In contrast to SUV analysis, kinetic modeling corrects for
confounding factors that contribute to the PET signal, such as varia-
tions in tissue perfusion, transport rate, and tracer clearance over
time (/).

In general, kinetic modeling requires an arterial input function,
describing the concentration of parent tracer in arterial plasma over
time. The gold-standard technique for obtaining this function is
through continuous arterial sampling after arterial catheterization.
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This is, however, an invasive and laborious procedure, making it
less practical for clinical routine (2), and it may discourage some
subjects from participating in research studies because of the
discomfort of placing an arterial line (3). To avoid arterial cannula-
tion, image-derived input functions (IDIFs) have emerged (4,5) as
an alternative noninvasive approach to obtain the arterial input
function.

Extracting an IDIF from large blood pools such as the left ven-
tricle and the aorta has been widely validated since the 1990s (6),
making this method suitable for cardiac PET and quantification of
regions within the thorax (2). Such large vessels are, however, not
available in or near the brain, as conventional PET systems have a
relatively short axial field of view ranging from 15 to 30 cm. The
largest arteries found near the brain, and that are still included
in the field of view, are the internal carotids, with a diameter of
3.9-6.0mm (7), making them the best candidate for IDIF extrac-
tion in quantitative brain studies (8—10). However, the internal car-
otids’ size is comparable to the spatial resolution of PET, and
therefore extraction of tracer concentrations from these vessels is
prone to partial-volume effects (2,3). Even though the use of the
internal carotids has been validated in several studies (8,1/1,12),
laborious and complex procedures are needed to correct the raw
time—activity curves for partial-volume effects. In addition, these
methods for partial-volume correction (PVC) often are tailor-made
for a specific cohort of patients or radiotracers and cannot be eas-
ily extended for general use. Examples of PVC methods include
count recovery models (//), blood-based techniques (8), and
methods based on segmentation of the carotids using coregistered
MR images or MR angiography (/2). A purely PET-based nonin-
vasive PVC method that does not require additional medical
images or blood sampling is necessary for the wider translation of
kinetic analysis using IDIFs in both research and clinical practice.

Iterative deconvolution methods (IDMs) have emerged as a
PVC technique that relies solely on PET images and can be used
to increase image resolution (/3,/4). Until now, IDMs have been
investigated for correcting partial-volume effects only in brain tis-
sue, and not in the carotid arteries. Their performance regarding
PVC in the internal carotids is, therefore, still unknown.

The introduction of systems with a long axial field of view pro-
vides a solution to the problem of noninvasive brain quantification,
allowing for simultaneous imaging of brain and thoracic regions.
The IDIF can be derived from a large vascular structure, such as
the ascending aorta, which is large enough (25-38 mm) to mini-
mize partial-volume effects. The purpose of this study was to
assess the use of the internal carotids for quantification of the met-
abolic rate of glucose, before and after applying PET-based PVC,
using the ascending aorta as the gold standard.
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After a delay of 10s after automated
["*FIFDG bolus injection and a saline flush  FIGURE 1. Time—activity curves (mean of 8 patients) derived from ascending aorta (AA) and internal

of 30mL, list-mode PET data were acquired
on a long-axial-field-of-view Siemens Bio-
graph Vision Quadra (axial field of view of
106 cm) for 65 min. Patients received a standard weight-based injec-
tion of 3 MBg/kg (£10). Data were binned over 42 frames (4 X 10,
16 X5, 6 X30, 5X60, and 11 X300s), and images were recon-
structed using an ordered-subset expectation maximization algorithm
(4 iterations, 5 subsets) with time of flight and resolution modeling
(point-spread function). Data were corrected for attenuation, random
coincidences, scattered radiation, dead time, and decay. Reconstructed
images consisted of 645 planes of 440 X 440 voxels (voxel size,
1.65 X 1.65 X 1.645mm) and image resolution of approximately
3.5mm in the center of the field of view (/5). No filter was applied.
Image reconstructions were performed using e7tools, a prototype
research software package from Siemens Healthineers.

carotids (IC): complete

Motion Correction and Interframe Alignment

Dynamic images were originally reconstructed without attenuation
correction. Subsequently, the attenuation correction CT was registered
to each non-attenuation-corrected PET frame to correct for potential
CT-to-PET mismatches, therefore creating a motion-corrected CT
frame for each PET frame. This was done using a deep learning—based
tool (/6) and the open-source software NiftyReg (17) (further details
in the supplemental materials, available at http://jnm.snmjournals.org).
The motion-corrected CT images were used for reconstruction of the
final PET images. Postreconstruction interframe alignment was per-
formed on the slices comprising the head region (~24cm) using a
cubic spline interpolation. The correction was applied when motion
was larger than 3 mm.

PVC

PVC was performed with the reblurred Van Cittert iterative decon-
volution technique (/8) (details regarding the
choice of this method in the supplemental

curve with time in logarithmic scale (A) and AUC (B). Shadows represent SD

for each time point across studied population.

resultant images were used to extract corrected internal carotid time—
activity curves.

IDIF

The volumes of interest for extracting the internal carotid time—
activity curve were obtained by choosing the 4 highest-intensity pixels
over 16 consecutive planes for both left and right internal carotids (9).
Volumes of interest were defined on an image corresponding to the
average of earlier frames (~60-110s). Subsequently, these volumes of
interest were applied to all frames to generate an IDIF from the internal
carotids (IDIFjc). As ground truth, an IDIF from the ascending aorta
(IDIF5A) was obtained by placing a 15-mm diameter (~9 planes)
sphere in the center of this structure. The ascending aorta has previ-
ously been validated as an alternative to arterial blood sampling show-
ing excellent agreement with the blood time—activity curve (/9) and the
resulting quantitative parameters (6).

Kinetic Modeling

Volumes of interest in the brain were extracted using the Hammers
maximum-probability atlas within PMOD’s PET-only workflow (version
4.105; PMOD Technologies LLC). Regional time—activity curves were
generated for whole brain, gray matter (union of parietal lobe, frontal
lobe, temporal lobe, and occipital cortex), and white matter (corpus callo-
sum). For each segmented region, quantification was performed using
an irreversible 2-tissue-compartment model (2T3k_Vp) with 3 rate
constants, K; (mL~cm73 -min" "), k» (min" '), and 45 (min" '), and a
blood volume parameter, V. In addition, Patlak graphical analysis was
performed, assuming that steady-state conditions apply after 30 min
(t* = 30min). Net tracer influx, K; (mL-cm > -min~ '), was calculated

materials). The reblurred Van Cittert tech- A
nique was used as implemented in the open- 60 4
source toolbox PETPVC (/4). A point- 50 4
spread function of 4.4 X 4.4 X 3.8 mm (trans-

verse X axial) was chosen on the basis of 55‘40—
system acceptance measurements. To iden- B304
tify the most suitable number of PVC itera- =2
tions for the present data, reblurred Van @]
Cittert technique was used with 4, 8, 12, and 10
16 iterations. The number of iterations for 04
which the internal carotid time—activity curve 1
had the best correspondence with the ascend-

ing aorta time—activity curve was considered

B 1ed

IC-nolDM 1.6
IC-IDM4i 1.4 4
IC-IDM18i ']';‘ 1.2 4
—— AA-nolDM 1.0
IC-IDM8i E o8]
—— IC-IDM12i G 06-
2 04
0.2

0.0 ; . : ] y ; ’

10 65 0 10 20 30 40 50 60

Time (min) Time {min)

as the most suitable for performing IDM.
IDM with the selected parameters was
applied to the complete dataset, and the

INTERNAL CAROTIDS FOR PET QUANTIFICATION ~ *

FIGURE 2. Time-activity curves (mean of 8 patients) derived from ascending aorta (AA-nolDM)
and internal carotids before (IC-nolDM) and after application of IDM with 4 (IC-IDM4i), 8 (IC-IDM8i), 12
(IC-IDM12i), and 16 (IC-IDM186i) iterations: complete curve with time in logarithmic scale (A) and AUC (B).
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TABLE 1
Mean AUCs of Ascending Aorta and Internal Carotid Curves for ['®F]FDG

AUC IDIF an IDIFic IDIFic_iomsi IDIFic_ipmi2i
Full curve (g/mL-s x10%) 1.50 (0.19) 0.94 (0.20) 1.22 (0.19) 1.51 (0.25)
Peak (g/mL-s x10%) 1.32 (022) 0.70 (0.12) 1.33 (0.16) 2.01 (0.26)
Tail (g/mL-s x10%) 1.38 (0.20) 0.91 (0.14) 1.13 (0.15) 1.40 (0.19)

Data in parentheses are SDs.

using both the compartment model and Patlak analysis. Additionally, the
Patlak intercept was calculated.

Statistical Analysis

Internal carotids and ascending aorta time-activity curves were
compared by calculating the areas under the curve (AUC). Differences
in model parameters obtained with IDIF;c and IDIF, 5 were assessed
using the paired Student ¢ test or a Wilcoxon signed-rank test, depend-
ing on the result of the Shapiro-Wilk test for normality. Agreement
between K; derived with IDIFc and IDIFss was analyzed using a
Bland—Altman plot. In addition, the correlation of these K; values was
evaluated using Pearson correlation analysis, and values of slope,
intercept, intraclass correlation coefficient, and coefficient of determi-
nation (R?) were reported. P values lower than 0.05 were considered
as statistically significant.

RESULTS

No PVC

Figure 1 shows time-activity curves extracted from the internal
carotids and ascending aorta for all 8 patients (SUV pean *= SD per
time point). In all patients, the internal carotids significantly underes-
timated the activity compared with the ascending aorta. The mean
AUC:s of the full curves, peaks, and tails are shown in Table 1. Over-
all, the AUC of the internal carotids showed an underestimation of
37%, 47%, and 34% for full curve, peak, and tail, respectively, com-
pared with the ascending aorta.

- -——= AA(no IDM)
AA-IDMSi
25 1 —— AA-IDM12i

T T T T T T

1 10 65
Time (min)

FIGURE 3. Time-activity curves (mean of 8 patients) of ascending
aorta time-activity curves before IDM and after application of IDM with
8 (AA-IDM8I) and 12 (AA-IDM12i) iterations.
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Mean kinetic parameters for white matter, gray matter, and
whole brain obtained using IDIF;c and IDIF5, are shown in
Table 2. In the case of the 2T3k_Vy model and for all 3 brain
regions, K, k3, and K; derived using IDIF;c were significantly dif-
ferent from those obtained using IDIFA 4, with K, and K; being
systematically overestimated by the internal carotids and k3 under-
estimated. No significant difference was observed for k,. For the
Patlak analysis of all 3 brain regions, both K; and intercept derived
using IDIF;c were significantly different (overestimated) from
those obtained using IDIF y 4.

PVC: Parameter Optimization

Figure 2 shows the time—activity curves extracted from the
internal carotids (mean * SD per time point) after applying IDM
with 4 (IDM4i), 8 (IDMS8i), 12 (IDM12i), and 16 (IDM16i) itera-
tions to the original images. Both internal carotids and ascending
aorta time—activity curves extracted from the original images (i.e.,
no IDM) are also shown for comparison. The internal carotid
time—activity curves before and after IDM (referred to as IC and
IC-IDM, respectively), were compared with the original ascending
aorta time-activity curves, for which no IDM was applied: as
demonstrated in Figure 3, larger structures such as the ascending
aorta are not affected by partial-volume effects. The internal
carotid time—activity curve after IDM4i underestimated the activ-
ity compared with the ascending aorta time-activity curve, both
for the peak and for the tail. After IDMS8I, the peak of the internal
carotids showed good recovery, but the tail was still underesti-
mated. In contrast, after IDM12i and IDM16i, the internal carotid
time—activity curves overestimated the peak, but the tail came
closer to those of the ascending aorta time—activity curves. On the
basis of these results, it was concluded that 4 iterations were not
enough to correct the internal carotid time—activity curves. The
reconstruction with 16 iterations was also discarded as it provided
very similar results to the one with 12 iterations but with the disad-
vantage of adding more noise due to the additional iterations. The
internal carotid curves corrected using IDMS8i (IDIF;c_ppms;) and
IDM12i (IDIF;c.pmiai) Were therefore selected for further kinetic
analysis.

PVC

After parameter optimization, IDM8i and IDM12i were applied
to the original images of all patients. The mean AUCs of the full
curve, peak, and tail of IDIF c_pmg; and IDIF ¢ pmio; are shown
in Table 1. After IDMBSI, the internal carotid AUC was overesti-
mated by 0.8% in the peak and underestimated by 18% in the tail.
With IDM12i, the internal carotid AUC was overestimated by
52% in the peak and underestimated by 1% in the tail.
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TABLE 2
Mean Model Parameters Obtained with 2T3k_Vg and Patlak Analysis Using ['®F]FDG, Derived with IDIFas and IDIF,c

2T3k_Vg Patlak
K, K; K; Yo
Region IDIF Ve (MmL-cm™2-min™") kmn™")  kymin™)  (ML-cm 2-min~") (ML-cm>-min~") (mL-cm™3)
White matter IDIFas 0.020 (0.008) 0.04 (0.02) 0.09 (0.02) 0.036 (0.008)  0.010 (0.003) 0.008 (0.003)  0.33 (0.14)
IDIFc  0.03 (0.01)F 0.08 (0.04"  0.10 (0.02) 0.016 (0.003)*  0.011 (0.004)* 0.010 (0.003)*  0.66 (0.24)
Gray matter IDIFas 0.040 (0.005) 0.10 (0.01) 0.14(0.02) 0.055 (0.005)  0.027 (0.004) 0.023 (0.003)  0.65 (0.08)
IDIFc  0.06 (0.01)* 0.20 (0.04)* 0.12 (0.01) 0.024 (0.004)*  0.033 (0.006)" 0.027 (0.005) 1.4 (0.18)*
Whole brain  IDIFas 0.039 (0.004) 0.08 (0.01) 0.14 (0.02) 0.052 (0.005)  0.022 (0.003) 0.018 (0.002)  0.58 (0.06)
IDIFc 0.061 (0.009)* 0.18 (0.03)* 0.13 (0.02) 0.023 (0.004)*  0.026 (0.004)" 0.021 (0.004)*  1.21 (0.16)*
*P < 0.05, IDIFpa vs. IDIFc.
TP < 0.01, IDIFaa vs. IDIFc.

*P < 0.001, IDIFaa vs. IDIF .
Yo = Patlak intercept.
Data in parentheses are SDs.

Kinetic parameters derived using IDIF;cpwmsi and IDIFicpmia;
were compared with those obtained using IDIF4 5 (Table 3). When
using IDIF|cpmsis k2 and k3 were significantly different from
those obtained using IDIF 5 4 for all brain regions, but no significant
differences were observed for either K; or K;. Even though the K;
values estimated with IDIF|c_pyvg; Were very close to the ones esti-
mated with IDIF, (ratio ~1), this is because both the numerator
and the denominator of K; estimated with the IDIF;cpms; were
underestimated by a similar factor, and the errors cancelled out
(Supplemental Fig. 1). With the Patlak analysis, and for all brain
regions, K; obtained using IDIF;cpuvs; Was also not significantly
different from the one obtained using IDIF54, but a significant

difference was found for the intercept. When IDIFcpavia; Was
used as input function (Table 3), significant differences were found
for all parameters of both the 2T3k_Vy model and the Patlak analy-
sis in all 3 brain regions, compared with using IDIF 5.

Bland-Altman Plots and Correlation Analysis (Before and
After PVC)

Bland-Altman relative difference plots and scatterplots were
analyzed to assess the agreement and correlation between K;
derived llSiIlg IDIFlc, IDIFIC—IDMSis and IDIFIC—IDMIZi and Ki
obtained using IDIFp,. The plots comparing K; derived with
IDIFicapmini and IDIFA, are not shown because of the poor

results obtained with the IDIFcpmioi

2TC3k_VB

Patlak

(Table 3) and can be seen in the Supple-
mental Figures 2 and 3.

\White matter
Grey matter
Whole brain

L1 AR
38,99%

Figure 4 shows Bland—Altman plots for
both the 2T3k Vg and Patlak analyses.
Without PVC, the Bland—Altman plot
revealed a positive bias of 17% in both

16.99%

no IDM

1K (1G-AANA, (%)
TGl (IC-AARAR {38}

2T3k_Vp and Patlak analyses. The Bland—
Altman plot comparing K; values derived
using IDIFjcpmg; With those derived
using IDIF5, showed average relative

T T T T
0.02 0.005 0.010 0015
Maan K5 (L - em =2 - min=*)

Maan Kj [ml - cm=2-min=*)

T T T
0.020 .02 0.030

errors of —7.5 and —0.5% for 2T3k_Vg
and Patlak analyses, respectively.

Figure 5 shows K; correlation plots.
Table 4 gives an overview of the values
resulting from the correlation analyses,
that is, slope, intercept, intraclass correla-

IDM 8i
(K {IC-AAVAA (5)
[K {IC-AAYAA (55

tion coefficient, and R>.

DISCUSSION

T T T T T T
0.010 0.015 0.020 0.025 0.005 .00
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0.015
Mean & [mL:cm™? - min~)

This study aimed to assess whether the
internal carotids can be used to define an

T T
0.020 0.025

FIGURE 4. Bland-Altman relative difference plots of K; values derived with internal carotids (IC) and
ascending aorta (AA) IDIF. First row: K; derived using IDIF,c vs. IDIFas (no IDM). Second row: K;
derived using IDIFc_pmsi VS. IDIFaa (IDM8I). y-axis represents relative percentage error of internal
X 100. Average relative error is repre-
sented by solid black line, and upper and lower Cl limits are represented by dashed gray lines.

i

KAA

carotid K; compared with that of ascending aorta, that is, K

INTERNAL CAROTIDS FOR PET QUANTIFICATION

IDIF for noninvasive kinetic analysis of
['8F]FDG brain PET. Without PVC, inter-
nal carotid time-activity curves underesti-
mated blood concentrations compared
with those derived from the ascending

.
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compared with older scanners. Apart from
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an overall decrease in noise, the higher
sensitivity of the system also allows for
reconstructing the first minutes of the scan
with shorter frames (2-5s), resulting in
better recovery of the internal carotid peak
than when the frames are longer (10s).
Second, we correct for head motion by
aligning the original CT images to the indi-
vidual frames before the final image recon-
struction. When head motion is corrected
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for only by realigning the frames after
reconstruction, the attenuation correction is
inaccurate and can lead to erroneous activ-
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ity values possibly affecting the kinetic
parameter estimation. Finally, region-of-
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interest definition may also play a role in
the observed differences.

The results of this study show that an
uncorrected curve using the internal caro-
tids leads to significantly biased model
parameters and to an overestimation of K;
and, therefore, should not be used for
quantification. Although this study was

T T T T T
0.020 0.025 0030 0.005 0.010

K (AA)
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0005 0010 0015

performed using ['®F]FDG data, the main
results should also be valid for other tra-
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FIGURE 5. Correlation of K; values derived using internal carotids (IC) IDIF vs. K; derived using
ascending aorta (AA) IDIF. First row: K; derived using IDIFc vs. IDIFaa (N0 IDM). Second row: K;
derived using IDIF|c_pusi VS. IDIFaa (IDM8i). Dashed line corresponds to identity line.

aorta. Consequently, all kinetic parameters derived using IDIF|c,
except for k,, were significantly different from those obtained
using IDIF 5 5. IDIFc resulted in a significant overestimation of K;
both for 2T3k_Vg and for Patlak analysis. To correct for partial-
volume effects, a postreconstruction PVC technique, the reblurred
Van Cittert method (/3,18), was used. The best results with this
method were obtained after 8 iterations (IDIFyc.pmsi), which
resulted in a reduction of the error between the internal carotid
and ascending aorta AUCs from 47% to —0.8% in the peak and
from 34% to 18% in the tail. When IDIF;cpwms; Was used as the
input function in the 2T3k_Vg analysis, the estimated K; values
were not significantly different from those obtained with IDIF 4.
However, the microparameters K, k», and k3 obtained using IDI-
Fic.ipmsi were in general significantly different from those gener-
ated using IDIF5s. When IDIFcpmsi Was used as the input
function in the Patlak analysis, derived K; values were not signifi-
cantly different from those obtained using IDIF s a.

The overestimation of K; when using an IDIF;c without PVC is
in agreement with previous studies. For example, Sari et al. (12)
showed that when an uncorrected IDIF;c was used, K; values in
white and gray matter were overestimated by 46.2% and 51.0%,
respectively, when compared with an input function based on arte-
rial samples. Interestingly, in the present study, K; overestimation
for the uncorrected IDIF;c was only 10.0% and 17.4% in white and
gray matter, respectively. The significant improvement in results
obtained with an uncorrected IDIF;c may be attributed to several
factors. First, the present study was performed using a Biograph
Vision Quadra, which has substantially improved sensitivity

INTERNAL CAROTIDS FOR PET QUANTIFICATION ~ *

cers, as partial-volume effects are inher-
ently linked to the size of the object in
relation to the PET resolution. After appli-
cation of PVC, 2T3k_Vgy K, values were
not significantly different from those
obtained using IDIFA4. Similarly, K;
values estimated using Patlak analysis were also not significantly
different from those obtained using IDIF 5 o, and the corresponding
Bland—Altman plot showed no bias, indicating that this could be a
potential correction method for K; calculation.

Despite the accurate results obtained for K, the micropara-
meters K, k», and k3 obtained with 2T3k_Vg were still biased,
suggesting that the method used in this study, the reblurred Van
Cittert, is insufficient to correct for PVC when full kinetic model-
ing is needed. In line with the present findings, Sari et al. (/2) also
observed that microparameters K and k; derived using a corrected
IDIF still were significantly biased. The reason why biased micro-
parameters lead to accurate K; estimates remains unclear, but it is
known that macroparameters are generally more stable than micro-
parameters, as errors in microparameter estimation might cancel
out in the calculation of the macroparameters (Supplemental Fig.
1) (20,21). Nevertheless, compared with previously published
values (22), K, k, and K; values estimated using IDIF|c_pms; are
within the reference range in both white and gray matter; k3, how-
ever, is underestimated compared with literature results.

The main limitation of this study is the use of a single point-
spread function value to perform deconvolution. Ideally, location-
specific measurements of point-spread function for the position of
each carotid artery within the field of view should be used when per-
forming IDM. Here, a single value based on system acceptance mea-
surements was used, which may introduce errors when correcting the
internal carotids for partial volume. Another limitation is the rela-
tively small sample size used in this study. A larger sample size
could potentially yield more robust results.
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TABLE 4
Results of Correlation Analyses Between K; Derived Using IDIFaa and K; Derived Using IDIF g, IDIF c_pmsi; and IDIFic_ipm12i

2TCk3_Vg Patlak
IDIF Slope Intercept R? ICC Slope Intercept R? ICC
IDIF,c 1.27 -2x107° 0.63 0.84 1.19 -5%x10"% 0.65 0.79
IDIF|c-ipmsi 1.01 -2x10°° 0.91 0.79 1.01 —-4x107% 0.91 0.79
IDIFic-ipM12i 0.84 —-1x10°° 0.65 0.77 0.86 —-2x10°* 0.81 0.81
ICC = intraclass correlation coefficient.
CONCLUSION 5. van der Weijden CW1J, van der Hoorn A, Wang Y, et al. Investigation of image-

These findings indicate that using an IDIF measured from the inter-
nal carotid curve results in overestimation of K; as well as biased
microparameters and should therefore not be used for brain quantifica-
tion. With the proposed PVC method, K; values derived using an inter-
nal carotid IDIF closely align with those obtained using the ascending
aorta as IDIF, suggesting that this PVC method may be of interest for
this specific purpose. However, the underlying microparameters still
showed significant bias, indicating that a system with a long axial field
of view is the best option for noninvasive brain quantification. In the
future, to use the internal carotids as input function, a PET system
with high spatial resolution is needed.

DISCLOSURE

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

ACKNOWLEDGMENTS

We thank Siemens Healthineers for providing us with the tool
for CT-to-PET motion correction and the e7tools, and we thank
Dr. Joshua Schaefterkoetter for his guidance.

KEY POINTS

QUESTION: Does using the internal carotids for brain quantification
result in accurate kinetic parameters?

PERTINENT FINDINGS: In a cohort of 8 patients imaged using

a scanner with a long axial field of view, the use of the internal
carotids—compared with the ascending aorta—as the input function
led to biased kinetic parameters. After PVC, K; values obtained with the
internal carotids were not significantly different from the ones obtained
with the ascending aorta, but most of the microparameters were.

IMPLICATIONS FOR PATIENT CARE: The internal carotids
should not be used for brain quantification without proper PVC
for scanners with at least a 3-mm spatial resolution.
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Digital PET/CT systems with a long axial field of view have become
available and are emerging as the current state of the art. These new
camera systems provide wider anatomic coverage, leading to major
increases in system sensitivity. Preliminary results have demonstrated
improvements in image quality and quantification, as well as substan-
tial advantages in tracer kinetic modeling from dynamic imaging.
These systems also potentially allow for low-dose examinations and
major reductions in acquisition time. Thereby, they hold great promise
to improve PET-based interrogation of cardiac physiology and biol-
ogy. Additionally, the whole-body coverage enables simultaneous
assessment of multiple organs and the large vascular structures of the
body, opening new opportunities for imaging systemic mechanisms,
disorders, or treatments and their interactions with the cardiovascular
system as a whole. The aim of this perspective document is to debate
the potential applications, challenges, opportunities, and remaining
challenges of applying PET/CT with a long axial field of view to the
field of cardiovascular disease.
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Recently, digital PET/CT systems with a long axial field of
view (LAFOV) have become available as the current state-of-the-
art clinical imaging systems. These new camera systems enable a
larger anatomic coverage and a significant increase in system sen-
sitivity, with a factor of 10—40, depending on the volume of detec-
tor material, that is, the actual length of the scanner (/,2). This is
due to the numerous, highly performing silicon photomultiplier—
based detectors collecting a huge number of coincidence photons,
with consequent improvement of signal-to-noise ratio that, in turn,
positively impacts image quality. Preliminary results from the
clinical application of LAFOV systems therefore demonstrate
improved image quality and lesion quantification (1,3). Low-dose
examination protocols and a significant reduction in acquisition
time are other potential advantages. These novel scanners also
allow quantitative dynamic imaging of the whole body with high
temporal resolution in a large field of view (4). The whole-body
coverage enables simultaneous assessment of multiple organs and
large vascular structures, opening new opportunities for imaging
cardiovascular disorders.

The aim of this perspective is to discuss the potential applica-
tions, opportunities, and challenges of LAFOV PET/CT in the
field of cardiovascular disease (CVD).

MULTIORGAN APPROACH IN CARDIOVASCULAR DISORDERS

Driven by the results of an increasing number of clinical trials,
cardiovascular medicine is changing and moving beyond a single-
organ—centered approach. Contemporary optimal cardiovascular
care focuses on the whole body and includes a systems-based
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approach in which the heart and circulatory system are embedded
in integrated networks (Fig. 1). Despite symptom improvement in
chronic coronary syndromes, targeted coronary artery revasculari-
zation may not improve patient survival even in the presence of
myocardial ischemia (5). On the other hand, systemic medical
therapy does improve CVD outcomes, and this includes targeted
modulation of the neurohumoral, endocrine, and immune systems
(6,7). Likewise, the interplay between heart, vessel wall, and other
organs is increasingly emphasized for optimal cardiovascular
health. Based on different organ and system interactions, various
subdisciplines such as cardioimmunology (8), cardioneurology (9),
or cardiooncology (/0) have emerged, and the cardiorenal (/7),
cardiohepatic (/2), cardiopulmonary, and gut-heart axes (/3,/4)
are being explored to obtain mechanistic insights and identify ther-
apeutically exploitable targets. Accordingly, diagnostic imaging
tests, which provide information about the entire body, may be of
significant value. Hence, LAFOV PET/CT may provide the diag-
nostic armamentarium for high-quality, innovative cardiovascular
medicine within the overall context of systems medicine.

METHODOLOGY CONCERNING LAFOV PET

Hot-spot cardiovascular PET data are mainly presented by way of
weight, activity, and SUV maps, which physicians are trained to
interpret in a qualitative and subjective way. The shortcomings of
SUV are well known (Table 1). In contrast, there are established and
quantitative methods for the analysis of dynamic PET data, which
can reveal deeper insights into physiologic parameters that are not
possible to measure from single-time-point SUV analysis. Clear ben-
efits to this approach, such as improved lesion detection due to para-
metric imaging (/5), could be very helpful in imaging CVDs,
particularly for smaller lesions such as those in atherosclerosis.

Further, the large amount of data generated by total-body scan-
ners, and the consequently long reconstruction times (Fig. 1),
necessitate high-performance hardware to prevent the need for
transferring these datasets over traditional hospital information
technology networking systems. Nonetheless, the acquired data
offer a wealth of additional information that can be extracted using
both conventional methods of mathematical modeling and artificial
intelligence. The use of population-based input functions with
shorter dynamic '®F-FDG protocols in a LAFOV PET/CT system
is a good example of this, decreasing acquisition time from 60 to
10min (4). Further, artificial intelligence is expected to play an
increasingly critical role in imaging equipment, reconstruction,
and postprocessing pipelines in the field of nuclear medicine (/6)
and likely to have value in LAFOV PET/CT due to its capacity to

process and learn from large amounts of data (Fig. 1). Novel deep-
learning reconstruction methods may be used to accelerate the
process and improve the image quality. Multiorgan artificial intel-
ligence—based segmentation tools will likely aid in the kinetic
modeling of cardiovascular data across the entire patient body.

CARDIOVASCULAR APPLICATIONS

Whole-Body PET Perfusion and Myocardial Blood Flow
Quantification

PET/CT has become a mainstay in the detection and characteriza-
tion of subclinical and clinically manifested coronary artery disease
(CAD) (17) and for viability assessments in ischemic cardiomyopa-
thy (/8). PET remains the noninvasive gold standard for quantifica-
tion of myocardial blood flow and cerebral blood flow. Because of
the presence of the blood—brain barrier, PET measurements of cere-
bral blood flow are mostly conducted with the radiotracer >0O-H,O
(19-21). In the heart, clinical blood flow quantification relies on var-
ious radiotracers such as #Rb-Cl,'>’N-NH;, °O-H,0, and (in the
future) '8F-flurpiridaz (22). Myocardial blood flow quantification
has well-established clinical applications in epicardial CAD and cor-
onary microvascular dysfunction (23,24). Studies have demonstrated
the feasibility of measuring blood flow in specific organs, such as
the kidneys with 'O-H,O (25,26), ¥*Rb-Cl (27,28), and '*N-NH;
(29). Furthermore, skeletal muscle and splenic blood flow can be
measured with PET using '0-H,O and 3*Rb-Cl (30-34). There are
challenges in the evaluation of blood flow at the whole-body level,
such as a wide range of flow levels and variable tracer extraction in
different organs. Furthermore, there is more than one input in some
organs, such as the lungs and the liver. Initial experiences have been
obtained with tracers with high extraction, including *O-H,O (Fig. 2)
and !'C-butanol (35).

With the recent introduction of LAFOV PET/CT, the compre-
hensive assessment of multiorgan function related to the cardio-
vascular system appears feasible, opening new avenues and
opportunities in research and clinical care. For example, microvas-
cular disease may be determined in virtually all vascular beds con-
currently or nearly concurrently, depending on the differences in
local radiotracer extraction and tissue kinetics. The dimensionality
of the target organs assessed—whole organ, major arterial bed,
or segmental arterial bed—may require nuanced evaluations to
unmask focal abnormalities in blood flow (36).

Many CVD entities are connected to systemic factors such as the
immune and neurohumoral systems and endocrine disorders and may
need a more comprehensive and systems-based diagnostic and medi-
cal treatment approach (8—74). For example, impaired renal perfusion
contributes to cardiorenal syndrome in heart
failure, and there is a need for markers that

balance the benefits of the renin—angiotensin—
aldosterone system blockade and potential
adverse effects related to a decreasing glo-
merular filtration rate in those with signifi-
cant kidney disease (/7). There is only
limited information on myocardial blood
flow responses in the lower extremities in
atherosclerotic CVD and the value of per-
fusion imaging in monitoring treatment of
critical limb ischemia (37). Data from the

FIGURE 1.
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Simultaneous cardiovascular multisystem studies with total-body PET and dedicated
analysis of dynamic PET data. Arrows in wheel display heart-organ connections and interactions.

REACH registry showed that approxi-
mately 10% of patients with CAD present
with concomitant peripheral artery disease,
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TABLE 1
Strengths, Weaknesses, Opportunities, and Threat Analysis of LAFOV Total-Body PET/CT in Cardiovascular Imaging

Parameter

Description

Strengths Whole-body coverage

High spatial and temporal resolution

Dynamic imaging
Short imaging time
Low radiation dose
Opportunities
Clinical cardiovascular trials

New development in medical imaging

Biodistribution of newly developed (radiolabeled) cardiovascular drugs

Insights of cardiovascular and multiorgan interaction/cross-talk

Artificial intelligence implementation

Weaknesses

CT for attenuation correction, as significant limit to dose reduction (although ultra-low-dose

CT, time-of-flight correction, or deep-learning approach will be implemented soon)

Requirement for accurate motion correction

Data storage and networking infrastructure

Lack of easy-to-use clinical kinetic software programs

Number of patient preparation rooms

Threats Costs

Not widely available

Computational times for reconstruction, data corrections, and kinetic modeling

whereas 60% of patients with peripheral artery disease present with
concomitant CAD (38). Data from large randomized clinical trials
consistently showed that the coexistence of CAD and peripheral
artery disease is a particularly harmful association, with a height-
ened risk of major adverse cardiovascular events, including myo-
cardial infarction, stroke, and cardiovascular death, compared with

mbminimL
10

FIGURE 2. Dynamic perfusion imaging with '°0-H,O with Biograph
Vision Quadra system (Siemens) and whole-body PET. (A) 3-dimensional
parametric image of arterial blood volume (V). (B and C) Parametric
images of organ-specific blood flow (ky, mL/min/mL) in horizontal and
sagittal planes, respectively. Images centered in left ventricle show that
high flow can be seen in myocardium and kidney.

CAD or PAD only (39). Open questions are if functional total-body
PET perfusion may resolve the clinical observation that some
patients have coronary atherosclerotic disease only, whereas others
have systemic vascular disease and still others have both. Do we
need to focus directly on vascular atherosclerotic activity? In this
respect, the LAFOV PET/CT scanner may afford unique and nonin-
vasive insights in the detection and characterization of cardiovascular
physiology and metabolism in conjunction with other organs and sys-
temic factors and may result in the development and monitoring of
new treatments.

Atherosclerosis

It remains poorly understood how inflammatory atherosclerotic
processes interact in the different vascular beds (e.g., coronary
arteries, carotids, aortic arch, peripheral vessels) and with other
organ systems (e.g., the brain, gut, hematopoietic tissues). Such
systemic interrelations and disease networks could be further
determined with LAFOV PET/CT imaging (Fig. 3). Furthermore,

£

FIGURE 3. '8F-FDG PET/CT of 56-y-old man 3mo after successful
revascularization of acute myocardial infarction. Images were obtained
using LAFOV PET/CT (Siemens Vision Quadra) 60 min after injection.
"8F_FDG PET (left) and PET/CT (right) images were acquired with high sen-
sitivity and spatial resolution, enabling detection of slightly increased
spotty FDG accumulation in arterial wall of aortic arch (white arrows), with
only 1 calcified focus (red arrow) indicating increased inflammatory ath-
erosclerotic activity in otherwise less advanced atherosclerotic stage.
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ultralow radiation dosing makes multiple-time-point and sequen-
tial multitracer studies increasingly feasible. These features are of
particular interest in atherosclerosis, which is a systemic condition
that changes with time and treatment and involves different patho-
logic processes including inflammation, calcification, fibrosis, and
thrombus formation. Each of them can be targeted with modern
PET tracers. For example, '®F-FDG PET has already been used
to investigate how large vessel inflammation (aorta) is increased
after myocardial infarction and is linked with increases in psycho-
logic stress (amygdala of the brain) and hematopoietic bone mar-
row activity (40). Multitracer studies could be used to investigate
how vascular inflammation associates with calcification activity
('8F-fluoride) (41), fibroblast activation (®Ga-fibroblast activation
protein inhibitor [FAPI]) (42,43), and thrombus formation ('*F-
glycoprotein 1) (44).

Dynamic total-body '®F-FDG images yield a high vessel wall
signal and target-to-background ratio, even after several half-life
times of decay, allowing the cross-talk between vessel wall and
lymphoid organs to be identified, including parametric imaging of
metabolic rate of '®F-FDG (45). Novel and inexpensive radiophar-
maceuticals with higher patient throughput may hold promise in
advancing our understanding of atherosclerosis as well as a range
of other cardiovascular conditions and in improving patient assess-
ment and treatment.

Myocardial and Peripheral Muscular Metabolism

A variety of radiotracers informs cardiac metabolism. *F-FDG
is a glucose analog, of which uptake provides a surrogate for glu-
cose metabolism in cardiac myocytes. Radiolabeled long-chain
fatty acids and fatty acid analogs, such as !'C-palmitate and 'F-
fluoroheptadecanoic acid, allow imaging of fatty acid metabolism,
including oxidation and lipid storage (46,47). Oxidative metabo-
lism can be evaluated with 'C-acetate, in which washout reflects
myocardial oxygen consumption (48,49).

Studies using metabolic PET tracers have shown distinct altera-
tions in myocardial substrate metabolism and external efficiency in
various cardiac diseases including heart failure (49,50). These relate
partially to alterations in systemic metabolism, such as those that
occur in obesity and diabetes (57). By assessing the metabolism
simultaneously in multiple organs, including the heart, skeletal
muscles, liver, and adipose tissue, LAFOV PET can contribute to
studying organ-specific changes in cardiometabolic diseases and
related cardiovascular complications (52). For example, cardiac
and systemic insulin resistance is a typical feature of heart failure
that predicts impaired functional capacity and reduced survival
(53). However, mechanisms of insulin resistance differ between
cardiac and skeletal muscle related to substrate metabolism and
hemodynamic stressors (54). Metabolic imaging with LAFOV
PET/CT may provide answers to the associations between myocar-
dial and peripheral insulin resistance in cardiac disease and diabetes
(55). Given its superior sensitivity, accurate modeling of multiple
compartments in dynamic datasets may become possible to derive
new insights into glucose, fatty acid, and oxidative metabolism
(56). Such an approach has been demonstrated previously to deter-
mine the influx rate, fractional blood volume, tracer delivery rate,
and volume of distribution of '*F-FDG in tumors (56) and in
patients recovering from coronavirus disease 2019 infection (57).

Involvement of the Heart in Systemic Disease
Sarcoidosis is a multisystem inflammatory condition of unknown
etiology and predominantly affects the lungs and lymph nodes;
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cardiac sarcoidosis is clinically apparent in 5%-10% of patients,
and it is the most frequent cause of death in these patients (58,59).
Autopsy data demonstrate cardiac sarcoidosis involvement in 25%
of cases, suggesting that many patients with cardiac sarcoidosis are
not recognized with current imaging techniques.

8F.FDG PET is currently recommended for the assessment of
patients with suspected cardiac sarcoidosis (60) and is characterized
by intense focal uptake in the myocardium, which corresponds
with areas of myocardial injury observed either on rest perfusion
nuclear imaging or late gadolinium enhancement sequences from
cardiovascular MRI (61). This finding provides important prognos-
tic information (62) and frequently prompts the prescription of anti-
inflammatory agents and consideration of (expensive) cardiac
device implantation.

LAFOV PET/CT would potentially improve our assessment of
patients with cardiac sarcoidosis, allowing us to better appreciate
sarcoidosis involvement across multiple organs (e.g., brain, heart,
lungs, gut, skin, eyes, lymph nodes). Given the low sensitivity of
myocardial biopsy, histologic proof of extracardiac sarcoidosis
guided by imaging findings can also be valuable for diagnosis of
cardiac sarcoidosis (60). Reduced radiation doses are particularly
attractive when considering longitudinal imaging to track disease
progression and response to therapy (60).

Cardiac amyloidosis is part of a systemic disease in which amy-
loidogenic proteins deposit in target organs, leading to dysfunction.
There are 2 major types of cardiac amyloidosis: transthyretin amy-
loidosis and amyloidosis where the amyloidogenic proteins are
either misfolded transthyretin or misfolded immunoglobulin light
chains (amyloid light-chain amyloidosis) (63). Over the past decade,
imaging of cardiac amyloidosis has undergone a revolution with the
adoption of bone scintigraphy imaging using SPECT tracers and
techniques that have allowed for the noninvasive diagnosis of trans-
thyretin cardiac amyloidosis. However, there are also multiple
unmet needs in the evaluation of amyloidosis that lend themselves
to the use of PET-based radiotracers, including quantification of
total-body or target organ amyloid disease burden, differentiation
between various types of amyloidosis, and determination of treat-
ment response.

By the nature of PET imaging, PET-based radiotracers are more
quantitative than their SPECT counterparts. Parametric imaging
with PET can be a valuable tool for the quantification of PET
tracer uptake (64). Therefore, the use of PET imaging for evalua-
tion of cardiac amyloidosis is most likely to center around the
qualitative nature of this modality. Four thioflavin analog PET tra-
cers have shown promise for the diagnosis of cardiac amyloidosis.
These include ''C-labeled Pittsburg compound B, '®F-florbetapir,
I8F_florbetaben, and 'SF-flutemetamol (65). There are data from
these agents that have shown preliminary utility in imaging the
heart, including kinetic modeling (66,67), whole-body or cardiac
disease burden (68-70), and amyloid isotype differentiation (71).
There is also interest in the use of the bone tracer '3F-NaF for
imaging transthyretin cardiac amyloidosis (72).

The use of whole-body PET systems may allow for more accurate
and earlier diagnosis of cardiac involvement while simultaneously
offering the ability to determine the total systemic disease burden,
including dynamic and parametric image quantification. Whole-body
PET systems could allow for determination of total-body disease
burden in response to therapy, which is of particular interest in amy-
loid light-chain amyloidosis, where various target organs (heart, gas-
trointestinal tract/liver, kidneys) can be involved and would normally
require longer, multiple-bed-position acquisitions with traditional
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PET machines. Unlike amyloid light-chain amyloidosis, the role of
circulating biomarkers (natriuretic peptides, transthyretin, RNA
polymerase II subunit B4) in the diagnosis and management of
transthyretin cardiac amyloidosis is much less defined and validated
(73). The availability of disease-modifying agents highlights the
need for new markers capable of addressing correct clinical man-
agement and more accurate prognostic stratification (73). Markers
define the minimum disease threshold to justify starting new treat-
ments and to exclude patients with infiltration so advanced that
they would not benefit from therapy or to identify “responders” and
“nonresponders” to a specific disease-modifying agent. LAFOV
PET/CT could therefore potentially provide new markers of cardiac
involvement relative to total-body disease burden and will be rele-
vant in systemic diseases such as amyloidosis.

Large vessel vasculitis (LVV) disorders are defined as chronic
inflammatory disorders that affect the arteries, with variants distin-
guished in giant cell arteritis, Takayasu arteritis, and isolated (nonin-
fectious) aortitis. These often present with nonspecific constitutional
symptoms, which make an accurate diagnosis challenging. Timely
diagnosis is of the utmost importance to initiate appropriate treat-
ment and to avoid potential life-threatening vascular (stenosis, dila-
tion, rupture) and potential multiorgan complications (74). 'F-FDG
PET/CT is now widely accepted as a useful tool to aid in the diag-
nosis of LVV and is included in current guideline recommendations
(75,76). The increased sensitivity of LAFOV PET/CT may provide
added value in detecting suppressed arterial wall '8F-FDG PET
activity due to glucocorticosteroid use (77) or unclear cases where
residual or reactivated LVV activity is suspected (Fig. 4). The
ability to perform low-dose radiation imaging or short-duration
scans is also attractive, particularly when considering the need for
repeat imaging in patients. The use of appropriate (multiorgan/
vascular) kinetic models will provide a significantly higher target-
to-background ratio than is possible with conventional scoring and
quantification (2,78). Dynamic PET angiography can even be
reconstructed from early dynamic PET/CT images for the evalua-
tion of arteries, of particular interest as a one-stop-shop approach in
LVV (79), or may include the use of specific inflammatory tracers
with dynamic PET (80). The main challenge with systemic vasculi-
tis is the differentiation from widespread atherosclerosis, given the
important role inflammation plays in the pathogenesis of athero-
sclerosis (87) and the difficulty differentiating between active and
nonactive LVV (smoldering disease) during and after therapy (82).
Visual differentiation is mainly based on pattern. A pattern that
is more heterogeneous (83) could further characterize differences
in a more precise and less reader-dependent method and may be
further improved with specific PET-labeled markers for assessment
of remaining LVV activity (82). In general, autoimmune diseases
are vast, and many are understudied in cardiovascular risk. Various
immunotherapies affect the cardiovascular system, and cardiovas-
cular risk in the field of cardiorheumatology is still unknown (83).
A crucial area of scientific investigation is moving forward in
which LAFOV PET/CT can play a central role.

Heart failure with preserved ejection fraction (HFpEF) is increas-
ing in prevalence worldwide, already accounting for at least half of
all heart failure. Recently, strong evidence for bidirectional crosstalk
between metabolic stress and chronic inflammation has emerged,
and alterations in systemic and cardiac immune responses are
held to participate in HFpEF pathophysiology (84). Given the
well-established heterogeneity among HFpEF phenotypes, coupled
with the robust complexity and intertwined interactions between
metabolic events and inflammation, a comprehensive program of

b

FIGURE 4. LAFOV '"8F-FDG PET/CT in 55-y-old woman with active large
vessel giant cell arteritis and moderate progressive muscle relaxation
activity at shoulders and hips. PET acquisition time was 4 min.

investigation will be required. LAFOV PET/CT may unravel
metainflammatory mechanisms contributing to HFpEF pathophysi-
ology and evaluate the systemic effect of new therapeutic (antiin-
flammatory) approaches (84).

Autonomic Nervous System

Using various radiolabeled catecholamines or catecholamine
analogs, PET has been successfully applied for interrogation of the
cardiac sympathetic nervous system. Global and regional impair-
ments of myocardial innervation have been identified in heart
failure, ischemic and structural heart disease, various cardiomyopa-
thies, and systemic diseases affecting the heart, such as diabetes
mellitus, amyloidosis, and Parkinson disease (85,86). Of note, a
prognostic value has been established in heart failure, where the
severity of innervation impairment is an independent predictor of
adverse events, including arrhythmias (85,87,88). Among patients
with ischemic cardiomyopathy, the severity of myocardial sympa-
thetic denervation measured on !!C-hydroxyephidrine PET has an
established prognostic value for adverse cardiovascular events,
including malignant ventricular arrhythmias (72,74,75). Similar
clinical applications are being sought from '8F-flubrobenguane or
I8E_LMI1195, which will support greater application of myocardial
denervation on PET (89,90). Although a clear-cut clinical indication
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has not yet been established for PET imaging of cardiac innervation,
it has certainly provided profound mechanistic insights into the
interaction between myocardial catecholamine handling, contractile
function, electrophysiology, and other pathophysiologic mechanisms
in various cardiac diseases (9/). LAFOV PET/CT now provides the
opportunity to expand these mechanistic insights by putting cardiac
innervation into the framework of total-body catecholamine han-
dling and by providing information about the simultaneous state of
other networking organs. For example, experimental studies have
suggested that sympathetic stimulation of hematopoietic organs
plays a role in immune-mediated progression of CVD (92), whereas
richly innervated brown fat may attenuate catecholamine-mediated
heart failure progression (93). A comprehensive LAFOV total-body
PET protocol, which covers catecholamine kinetics sensitively and
simultaneously in all relevant organs and considers the effects of
circulating catecholamine levels (94) and the role of nonspecific
tracer signal from some tissues (95), may provide answers to ques-
tions regarding the interaction between the heart, the autonomic
nervous system, and other systems in health and disease. Meta-
8F_fluorobenzylguanidine, an analog of meta-iodobenzylguanidine,
was recently used to study myocardial sympathetic innervation
and was noted to exhibit rapid and sustained uptake in the myocar-
dium (96). Although dynamic meta-'8F-fluorobenzylguanidine PET
allows for quantitation of its volume of distribution, which is a sur-
rogate for norepinephrine transporter-1 density in the myocardium,
a LAFOV PET/CT approach would quantitate autonomic function
at a more systemic level. Finally, sensory neurons detect invading
pathogens and immune cell activation and, in response, relay signals
to the central nervous system and act locally to regulate immune
cell function. Most exciting are the possibilities of translating our
understanding of these neuroimmune communications to new thera-
pies in the cardiovascular field and linking organs, especially given
the possibility of repurposing the neuron-specific pharmacologic
agents that have already been developed (97).

Cardiovascular Infections

The dramatic recent increase in implantation of prosthetic valves,
cardiac implantable electronic devices, vascular grafts, and ventric-
ular assist devices has led to a rise in cardiovascular infections with
associated high morbidity and mortality and substantial health costs
(98-100). Accurate diagnosis of cardiovascular infection is chal-
lenging. Echocardiography and CT play an important role but have
limitations, including acoustic shadowing, metal artifacts, and
reduced specificity from noninfected vegetations (101-103). '5F-
FDG PET/CT allows earlier diagnosis before extensive morpho-
logic damage, as well as the detection of remote septic emboli and
other noncardiac manifestations (/04). These advantages improve
diagnostic accuracy to a high level, with metaanalyses showing
73%—-100% sensitivity and 71%—100% specificity for prosthetic
valve endocarditis and 87% sensitivity and 94% specificity for car-
diac implantable electronic device infection (/05,106). In suspected
left ventricular assist device infection, '*F-FDG PET/CT can local-
ize the site of infection with a prognostic value (107).

LAFOV PET/CT is an emerging tool with advantages that may
counteract existing '®F-FDG PET/CT limitations. Full-body cover-
age and greater signal-to-noise ratio with total-body PET/CT may
help detect smaller and low-grade '®F-FDG-avid septic foci, even
in the young (Fig. 5) (108). LAFOV PET/CT also covers multiple
organ systems, including bone marrow, spleen, and lymph node sta-
tions that can be involved in cardiovascular infections. In patients
with high '®F-FDG uptake in the bone marrow, a cardiovascular or
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musculoskeletal focus of infection is more likely, typically with
gram-negative species. A cardiovascular focus of infection is also
more likely in the setting of high splenic '®F-FDG uptake (109). A
significant challenge for '®F-FDG PET/CT in evaluation of cardio-
vascular device infection is distinguishing between infection and
nonspecific inflammation, particularly in the early postoperative set-
ting or with bioadhesive use (/10,/11). Distinct pharmacokinetic
patterns of '®F-FDG uptake on dynamic-imaging LAFOV PET/CT
may help differentiate foci of infection from inflammation.

Development of novel non—'8F-FDG PET tracers that exhibit
direct binding to bacteria may direct imaging of infection rather than
inflammation as a surrogate. For example, '®F-labeled polysacchar-
ides that target bacteria-specific maltodextrin transporter (‘3F-sorbi-
tol, 8F-maltohexaose, '3F-maltose, '®F-maltotriose) achieve a high
intrabacterial activity due to continuous internalization, facilitating
infection imaging with high sensitivity. Other non—'8F-FDG infec-
tion imaging tracers include radiolabeled antibiotics, antimicrobial
peptides, bacterial antibodies, bacteriophages, and bacterial DNA/
RNA hybrid nucleotide oligomers (/12). Nevertheless, these tracers
encounter low sensitivity due to bacterial surface binding only,
without intrabacterial signal amplification. The high sensitivity of
LAFOV PET/CT may allow direct visualization of these bacteria-
binding tracers despite a low signal.

RADIOPHARMACEUTICALS AND DRUG DEVELOPMENT

LAFOV PET/CT scanners have exhibited the ability to enhance
clinical diagnostics by enabling imaging at delayed time points
after injection. This delayed imaging approach holds promise not
only for clinical applications but also for advancing research
endeavors through improved characterization of tracer biology.
Notably, extending imaging to as late as 24 h after injection of a
standard '8F-FDG dose has revealed a more pronounced washout
of tracer from the circulating blood pool, concomitant with height-
ened uptake in cardiovascular tissue. Furthermore, using images of
the newly introduced long-lived ¥°Zr-labeled anti-CD8 minibody
against T cell CD8+ at the 24-h mark unveiled the potential to
longitudinally monitor immune cell (slower) dynamics. This novel
application could potentially find utility in cardiovascular imaging,
particularly in atherosclerosis research (113).

An illustrative instance involves %®Ga- or the longer-lasting
64Cu-labeled DOTATATE, a Food and Drug Administration—
approved PET radiotracer known for its binding to somatostatin
receptor type 2, primarily used for identifying and tracking
somatostatin receptor type 2-positive neuroendocrine tumors.
Importantly, this radiotracer is gaining rapid traction in the realm
of cardiovascular inflammation imaging (/4). Further, PET radio-
tracers targeting fibroblast-activation protein are now being evalu-
ated increasingly beyond oncologic imaging, such as in the heart,
where stimuli activate fibroblasts, leading to progressing intersti-
tial fibrosis and resulting in cardiac dysfunction. Recent literature
has demonstrated dynamic total-body PET using °*Ga-FAPI-04 in
an oncologic setting, showing rapid tracer uptake and a high
tracer-to-background ratio (/15). Data suggest that total-body
modeling is feasible for FAPI ligands, and these promising tracers
can also be used to investigate the impact of CVD on fibrotic
activity throughout the entire body. With the development of novel
antifibrotic treatments (/16,/17), FAPI PET has the potential to
identify suitable subjects by providing insights into the condition
of the heart and distant organs. PET radiotracers hold the promise
of expediting drug development by facilitating comprehensive
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Because of the improved sensitivity of a
LAFOV PET/CT scanner, scanning even
after 4 or 5 half-lives becomes feasible and
worth considering. Decreased tracer doses
are possible, reducing radiation and creat-
ing greater opportunity for serial imaging
and therapy monitoring in CVDs. How-
ever, the use of CT for attenuation correc-
tion in LAFOV PET/CT can contribute
significantly to the radiation exposure.
Recent CT technology has introduced fea-
tures such as the tin filter (/20) or deep
learning algorithms, which can substan-
tially reduce the CT radiation dose (/21).

LAFOV PET/CT imaging of multiorgan
involvement in several systemic diseases is
of potential value, such as in sarcoidosis,

FIGURE 5.

assessments. This approach enables (guided) therapy monitoring
in total-body mode, encompassing critical aspects such as quanti-
fying receptor occupancy, evaluating drug distribution, conducting
pharmacokinetic analyses, confirming target engagement, monitor-
ing treatment responses, and gauging compound concentrations.

The potential extends to understanding the spatial distribution
of drugs throughout the entire body, offering insights into how
agents accumulate in various tissues over time. Although these
dimensions are pivotal in cardiovascular studies, they remain rela-
tively underexplored at present (/18).

DISCUSSION

The future of PET is quantitative and, with the availability of the
of LAFOV PET/CT systems, represents an exciting development in
the field of medical imaging (/79). These systems have the potential
to not only revolutionize busy clinical services but also enable the
investigation of tissue kinetics at multiple levels simultaneously.

From a cardiovascular perspective, this innovative imaging meth-
odology will significantly enhance our understanding of the sys-
temic effects and interactions of various cardiovascular disorders.
Until now, these disorders were examined using only single-frame,
static, whole-body imaging. In certain cases, imaging at later time
points may prove beneficial for achieving a better ratio between the
inflammatory lesion and blood-pool activity. For example, it can be
useful in conditions such as LVV or cardiac sarcoidosis.

LAFOV PET/CT offers additional advantages such as the abil-
ity to perform dynamic scans, which can aid in distinguishing
between reactive '*F-FDG uptake and artifact. This feature allows
for more accurate visualization of smaller mobile structures in the
heart, including suspected endocarditis vegetations, which are fre-
quently missed on conventional PET/CT systems.

10-wk-old baby presenting with Staphylococcus aureus sepsis of unknown origin
underwent total-body 'F-FDG PET/CT imaging, which was performed in 3min (1 bed position) with-
out sedation on Biograph Vision Quadra system (Siemens Healthineers) using only 12 MBg. His med-
ical history consisted of several congenital defects, including Fallot tetralogy and jejunal atresia. Two
infectious foci were detected: at dorsum of right foot (A and B, green arrows) around intravenous
access line, and at bottom of right atrium near entrance of inferior caval vein (C, arrow). Reactive
bone marrow uptake is also visible (A). Ultrasound of foot revealed subcutaneous abscess, which
was drained; culturing detected S. aureus. '®F-FDG uptake in heart corresponded with solid, echo-
dense structure suggestive of thrombus or vegetation. This is seen on transthoracic echocardiogra-
phy (D, arrow) at eustachian valve (usually absent by adulthood), indicative of possible endocarditis.
Patient improved under antibiotic therapy. (Reprinted with permission of (124).)

amyloidosis, LVV, and atherosclerosis, as
PET can be an early marker of systemic dis-
ease activity, prevent disease early, better
assess prognosis, and determine the optimal
moment of therapy induction. Low radiation
might also allow (simultaneous) multitracer
imaging to assess the link between cardio-
vascular inflammation and fibroblast activa-
tion in these diseases (/22). Finally, future
research in cardiooncology is an opportunity
for LAFOV PET/CT to elucidate the mech-
anisms involved in cross-talk between car-
diac and cancer cells, as cancer cells can promote metabolic
remodeling in the heart (/23). Metabolic changes provide opportuni-
ties for novel treatment strategies to prevent heart failure and monitor
disease progression through new imaging techniques. However,
along with the opportunities presented by LAFOV PET/CT, there
are several challenges that need to be addressed (Table 1).

CONCLUSION

LAFOV PET/CT not only introduces a fast imaging acquisition
technique with optimal image quality but also facilitates the imple-
mentation of quantitative kinetic imaging in clinical settings. It
significantly enhances our knowledge of systemic CVD inter(or-
gan) actions and serves as an excellent method for longitudinal
imaging and the serial evaluation of disease activity with time, as
well as a method to determine the effectiveness of new medical
drugs at the whole-body level.
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The use of ['8F]FDG PET/CT as a biomarker in diffuse lung diseases is
increasingly recognized. We investigated the correlation between
['®FIFDG uptake with histologic markers on lung biopsy of patients
with fibrotic interstitial lung disease (fILD). Methods: We recruited 18
patients with flLD awaiting lung biopsy for ['FIFDG PET/CT. We
derived a target-to-background ratio (TBR) of maximum pulmonary
uptake of ["®FJFDG (SUVpmay) divided by the lung background (SUVmir).
Consecutive paraffin-embedded lung biopsy sections were immunos-
tained for alveolar and interstitial macrophages (CD68), microvessel
density (MVD) (CD31 and CD105/endoglin), and glucose transporter
1. MVD was expressed as vessel area percentage per high-power
field (Va%/hpf). Differences in imaging and angiogenesis markers
between histologic usual interstitial pneumonia (UIP) and non-UIP
were assessed using a nonparametric Mann-Whitney test. Correlation
of imaging with angiogenesis markers was assessed using the non-
parametric Spearman rank correlation. Univariate Kaplan-Meier sur-
vival analysis assessed the difference in the survival curves for each of
the angiogenesis markers (separated by their respective optimal cut-
off) using the log-rank test. Statistical analysis was performed using
SPSS. Results: In total, 18 patients were followed for an average of
41.36 mo (range, 5.69-132.46 mo; median, 30.07 mo). Only CD105
MVD showed a significantly positive correlation with ['®FIFDG TBR
(Spearman rank correlation, 0.556; P < 0.05, n = 13). There was no
correlation between ['®F]FDG uptake and macrophage expression of
glucose transporter 1. CD105 and CD31 were higher for UIP than
for non-UIP, with CD105 reaching statistical significance (P = 0.011).
In all patients, MVD assessed with either CD105 or CD31 quantifica-
tion on biopsy predicted overall survival. Patients with CD105 MVD of
less than 12 Va%/hpf or CD31 MVD of less than 35 Va%/hpf had
a significantly better prognosis (no deaths during follow-up in the
case of CD105) than did patients with higher scores of CD105
MVD (median survival, 35mo; P = 0.041, n = 13) or CD31 MVD
(median survival, 28mo; P = 0.014, n = 13). Conclusion: Previous
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work has used ['®F]FDG uptake in PET/CT as a biomarker in fILD.
Here, we highlight a correlation between angiogenesis and ['®FIFDG
TBR. We show that MVD is higher for UIP than for non-UIP and is
associated with mortality in patients with fILD. These data set the
scene to investigate the potential role of vasculature and angiogenesis
in fibrosis.

Key Words: ['®F]FDG PET/CT; ILD; fibrosis; angiogenesis; microvessel
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There is an urgent clinical need for better biomarkers in inter-
stitial lung disease (ILD) for both patient management and as sur-
rogate endpoints for clinical trials (/). The potential role of
PET/CT in guiding the management of patients with ILD has been
recognized for some time (2). We have previously shown that
['8F]FDG uptake on PET/CT is a prognostic biomarker in idio-
pathic pulmonary fibrosis (IPF) that can improve the ability of the
clinical sex, age, and physiology score to predict outcomes (3).
Determining the basis of this signal may improve the clinical util-
ity of ['8F]JFDG PET/CT through patient stratification, the assess-
ment of treatment response, and potentially valuable mechanistic
and therapeutic insights into fibrotic ILD (fILD).

Vessel volume and vessel density, as determined by tissue-
density measurements on CT imaging, correlate positively with
both physiologic measures (4) and outcomes in IPF (5). Unfortu-
nately, the prognostic value of lung vascularity, reflected by either
microvessel density (MVD) or its correlation with [!|F]FDG
uptake, has not been explored, and there remains contention over
whether there is a paucity or an excess of blood vessels in the
fibrotic lung (6).

In this study, we investigated the hypothesis that MVD and
macrophage phenotype/glucose transporter 1 (GLUT-1) expres-
sion on immunohistochemistry were potential predictors of mortal-
ity in fILD and examined the correlation between ['F]JFDG
uptake on PET imaging and angiogenesis and macrophage subsets
for different histologic presentations of disease (usual interstitial
pneumonia [UIP] vs. non-UIP).
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MATERIALS AND METHODS

Patients

This prospective, single-center study was approved by the London-
Harrow Research Ethics Committee (reference 06/Q0505/22), and all
participants signed an informed consent form. In total, 18 patients
were included in the study on the basis of having a radiologic diagno-
sis of fILD and either having had or being scheduled to have a clini-
cally required biopsy of an area of lung determined radiographically.
Patients were excluded if they had ongoing inflammatory or malignant
disease or had been on treatment (immunosuppression or antifibrotics)
for ILD in the previous 3mo. Each participant had an ['8F]FDG
PET/CT scan that was performed an average of 184 * 692 d after the
biopsy. Pulmonary function tests were undertaken in all patients where
possible and quantified as forced vital capacity and transfer factor of
the lung for carbon monoxide.

PET/CT Image Acquisition

The methodology we used is described in detail elsewhere (7—10).
All images were acquired on the same PET/CT scanner (VCT PET/
64-detector CT instrument; GE Healthcare). Participants were each
injected with 200 MBq of ['®F]FDG and allowed to rest peacefully in
a private cubicle during the 1-h uptake time. The participants were
positioned supine on the CT table with their arms held above their
head and were instructed to keep still throughout the procedure, which
took approximately 20 min. The first scan was a CT attenuation-
correction scan of the thorax, immediately followed by a PET emis-
sion scan (8 min per bed position) with identical anatomic coverage.
The final scan was a high-resolution CT scan of the lungs that was
performed on a deep inspiratory breath-hold, using the following CT
parameters: 64 X 1.25 mm detectors, a pitch of 0.53, and a 1.25-mm
collimation (120 kVp and 100 mAs).

PET/CT Image Analysis

PET images were analyzed by a dual-trained nuclear medicine phy-
sician and a nuclear medicine technologist with more than 5y of expe-
rience in quantifying pulmonary uptake in ['F]FDG PET/CT imaging
of ILD. CT images were reviewed independently of the PET/CT anal-
ysis by a dedicated thoracic radiologist.

All images were loaded onto an ADW workstation (GE Health-
care). All datasets underwent image processing that has been previ-
ously described in detail and has been shown to have high inter- and
intraobserver reproducibility (2). The area of most intense pulmonary
['8F]FDG uptake was identified visually, and then a 2-dimensional
region of interest was drawn over the area and the highest pixel value
(SUV 1ax) measured.

The region of pulmonary parenchyma with the lowest uptake
(SUV nin) was similarly identified and confirmed by the dedicated tho-
racic radiologist to be morphologically normal lung parenchyma
on coregistered CT. The SUV,,;, was considered a measure of the
background lung uptake and was used to calculate the lung target-to-
background ratio (TBR = SUV ,.,/SUV,in) (2).

Histologic Image Analysis

Biopsy samples were taken from affected lung at the discretion of
the thoracic surgeon or bronchoscopist, but biopsies were not specifi-
cally targeted to PET-avid areas when that information was available.
Immunostaining was performed for CD31, a panendothelial cell
marker expressed on mature and immature vessels; CD105/endoglin, a
proliferation-related endothelial cell marker that is more specific for
new immature vessels (/7); CD68/CD80 for M1-like macrophages;
and CD68/CD163 for M2-like macrophages and GLUT-1 expression.
Consecutive paraffin-embedded sections obtained from biopsy were
immunostained for CD68 (514H12; Leica Biosystems) (alveolar and
interstitial macrophages), CD31 (1A10; Novocastra) (panendothelial
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marker), CD105 (4G11; Novocastra) (endoglin, a protein expressed in
angiogenic endothelial cells), and GLUT-1 (polyclonal; Millipore)
(the receptor for glucose uptake). Quantification of CD31, CD105, and
GLUT-1/CD68 was performed by a single observer (with >20y of
experience) masked to the ['FJFDG PET/CT imaging findings
through a semiquantitative analysis of immunoreactivity of the mar-
kers. For CD31 and CD105, four 1.060 mm? fibrous areas of highest
vascularization (hot spots) were counted at a X20 magnification on an
Olympus BX51 microscope (/2). Figure 1 shows immunohistochemi-
cal images of CD105 staining of microvessels in UIP (Figs. 1A and
1B) and non-UIP (Figs. 1C and 1D) at a X200 magnification (digital-
based platform).

CD31 and CD105 are expressed as vessel area percentage per high-
power field (Va%/hpf); GLUT-1 staining of CD68 macrophages was
scored as absent (0), intermediate (1), or high (2) (8). CD68 macro-
phages were also costained for CD80 as a marker of M1-like macro-
phages and CD163 to distinguish the M2-like subtypes. Figure 2
shows typical examples of histologic staining and ['*F]FDG PET/CT
scans in different participants.

Follow-up

The follow-up period was defined as the period between the date of
the participant’s ['*F]JFDG PET/CT scan and the date of the patient’s
death or of the patient’s last living contact with medical services, cal-
culated in months.

Statistical Analysis

Statistical analysis was performed using SPSS (version 27.0; IBM
Corp.), with a P value of less than 0.05 considered to be significant.
Differences in imaging and angiogenesis markers between the histol-
ogy were assessed using a nonparametric Mann—Whitney test. Univar-
iate Kaplan—Meier survival analysis assessed the difference in the
survival curves for each of the angiogenesis markers (separated by
their respective optimal cutoff) using the log-rank test. The statistical
methodology for determining the optimal cutoff (maximum log-rank
or minimum P value) in univariate survival analysis was performed as
previously reported (/3). This methodology has previously been used
in prognostication of IPF patients (3). Correlation between the imaging
and angiogenesis markers was assessed using nonparametric Spear-
man rank correlation.

RESULTS

In total, 18 patients with fILD were followed for an average of
41.36mo (range, 5.69-132.46 mo; median, 30.07 mo). Histologic
information was available for all 18 participants, of whom 72% (13/
18) had histologic UIP and met the clinical criteria for IPF (/4) and
28% (5/18) had non-UIP findings, of which 4 were considered
fibrotic nonspecific interstitial pneumonia and 1 was thought to be
fibrotic organizing pneumonia. Technical factors, mainly due to
insufficient tissue volume, prevented CD105 staining in 5 of 18
cases. Table 1 illustrates the pulmonary function test results, histol-
ogy, treatment, neoangiogenesis, vasculature, macrophages, and PET
uptake markers for each patient in the study population.

On biopsy, only CD105 was significantly higher (P = 0.011;
Fig. 3) for UIP (n = 9) than for non-UIP (n = 4). CD31 was
higher for UIP histology but did not reach statistical significance
(P =0.08,n = 13).

In all participants, both CD105 MVD and CD31 MVD staining
on biopsy predicted overall survival in fILD patients. Patients with
a CD105 MVD of less than 12 Va%/hpf had no deaths during their
follow-up, and patients with a CD31 MVD of less than 35 Va%/
hpf had improved survival than that seen with a higher CD31
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DISCUSSION

In this study, we found CD105 MVD as
a marker of neoangiogenesis that was sig-
nificantly correlated positively with mortal-
ity, UIP histology, and ['*F]JFDG TBR in
patients with fILD. CD31, a marker of
established vasculature, significantly corre-
lated positively with mortality but not with
PET signal or histology. We also found no
correlation between GLUT-1 expression on
macrophages and ['®F]JFDG PET/CT or
with macrophage subsets, as determined by
CD68 (M1) and CD103 (M2).

We have previously shown using cross-
validation in a cohort of 113 patients that
TBR derived from ['®F]FDG PET/CT is

FIGURE 1.
non-UIP (C and D) at X200 magnification (digital-based platform).

MVD. The median survival of patients with a CD105 MVD of at
least 12 Va%/hpf and a CD31 MVD of at least 35 Va%/hpf was
35mo (P = 0.041, n = 13; Fig. 4) and 28 mo (P = 0.014, n = 13;
Fig. 5), respectively. There was no correlation between macro-
phage numbers, M1 or M2 subtypes, or M1:M2 ratios with
survival.

The ['®F]FDG PET/CT signal in the 13 participants with UIP
histology and IPF was found to be similar to that of the 5 partici-
pants with non-UIP histology, with no significant difference in
TBR (P = 0.29). However, the TBR did have a significant posi-
tive correlation with the angiogenesis marker CD105 MVD
(Spearman rank correlation, 0.556; P < 0.05, n = 13; Fig. 6). The
CD31 MVD was not significantly correlated with TBR (Spearman
rank correlation, 0.479; P = 0.097, n = 13), and there was no cor-
relation between [!8F]FDG uptake and either macrophage expres-
sion of GLUT-1 or macrophage subsets.

FIGURE 2. Representative participant ['®FJFDG PET/CT scans showing
high (A) and low (B) TBR of ['®FIFDG uptake. Immunohistochemistry
images of stained patient biopsies show high (C) and low (D) expression of
CD105/endoglin (arrowheads).

["®F]FDG PET/CT AND ANGIOGENESIS IN ILD  +  Porter et al.

Immunohistochemical images of CD105 staining of microvessels in UIP (A and B) and

predictive of the outcome in patients with
IPF (3) and that a high percentage of ves-
sels on quantitative CT, measured as pul-
monary vessel volume (4) or as vessel
percentage (5), in relatively unaffected parts of the lung enables
identification of IPF patients who have worse health outcomes.
Although the biologic basis for this is unclear, Jacob et al. (4)
offered 3 plausible explanations: blood-flow diversion from
advanced fibrotic areas to relatively spared lung regions; a dilata-
tion effect on blood vessels due to increased negative inspiratory
pressure, secondary to increased lung stiffness; and the effect of
pleuroparenchymal and bronchopulmonary arterial anastomosis.
To reconcile these findings, we suggest that, despite active neoan-
giogenesis in fibrotic areas, these vessels may not significantly
contribute to blood flow.

Angiogenesis may be driven by hypoxia and hypoxia-inducible
factor transcriptional regulators, but our previous work shows very
little hypoxia-inducible factor activation in the IPF lung (9).
Transforming growth factor-f is a key cytokine in fibrosis and
angiogenesis, and endoglin/CD105 acts as a transforming growth
factor-f3 coreceptor to bind leucine-rich glycoprotein 1 and drive
aberrant vessel formation during neoangiogenesis (/5).

GLUT-1, the main transporter for ['®F]FDG, is found in ery-
throcytes and alveolar macrophages in the fibrotic lung, which has
led to the suggestion that the ['®FJFDG PET/CT signal in ILD
may reflect inflammation or neoangiogenesis (/6). Macrophages
play a role in ILD, with monocyte-derived macrophages contribut-
ing to fibrotic potential, and can be broadly considered to exist on
a spectrum of inflammatory (M1-like) or antiinflammatory and
fibrotic (M2-like) behavior, dependent on their cell surface mole-
cule expression and cytokine production profiles (/7). However,
there are inconsistencies with this view, and a recent attempt has
been made to provide a consensus classification (/8). In general,
M1-like or classically activated macrophages show enhanced gly-
colysis and GLUT-1 expression (/9) and are thought to be ele-
vated during inflammation, with M2-like or alternatively activated
macrophages increased in the fibrotic stage of disease. This view
has given rise to the targeting of M2-like macrophages as a possi-
ble treatment strategy in IPF (20). Distinguishing these popula-
tions on immunohistochemistry is difficult (27), and with these
limitations in mind, we used CD80 and CD163 surface staining to
distinguish the Ml-like (CD68-positive/CD80high/CD163low)
and M2-like (CD68-positive/CD80low/CD163high) phenotypes,
respectively. Although we found no differences in ['*F]FDG PET
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CD1085 (Va%/hpf)

non-UIP uip
fLD histology

FIGURE 3. Box plot highlighting increased distribution of CD105 in UIP
vs. non-UIP histology (P = 0.011). *Patient 6 outlier (CD105 = 44). fLD =
fibrotic lung disease.

uptake parameters with differing macrophage populations on
immunohistochemistry, further study may be warranted using
more specific markers of transcription and other factors (27).
Although our study population was limited in size, only a small
minority of ILD patients have lung biopsies, and therefore, our
cohort of 18 fILD patients with matched ['®F]JFDG PET/CT
images and immunohistochemistry is the largest reported to the
best of our knowledge. Unfortunately, it was difficult to control
the time between the biopsy and the ['®F]FDG PET/CT scan,
causing a large variation in the biopsy—scan interval, which is a
limitation of this study. In addition, the association between MVD
and survival in such a small group is open to valid criticism.
Although the determination of optimal cutoff points in our univari-
ate survival analysis followed a statistically recognized methodol-
ogy previously reported (/3), it is important to note that this is a
pilot study and future studies should include robust validation pro-
cedures to confirm and generalize the findings. Although perfect
registration between the biopsy location and PET measurements
was not possible, it is less problematic in diffuse lung disease than
with focal lesions such as lung cancer. Using a volume of interest
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FIGURE 5. Kaplan-Meier survival curve showing how vasculature
marker CD31 predicts overall survival (P = 0.014).
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FIGURE 4. Kaplan-Meier survival curve showing how neoangiogenic
marker CD105 predicts overall survival (P = 0.041).
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FIGURE 6. Scatterplot demonstrating positive correlation (Spearman rank
correlation, 0.556; P < 0.05) between CD105 and ['®F]FDG uptake (TBR).

near the biopsy location rather than a 2-dimensional region of
interest for PET uptake measurements may be a better reflection
of the underlying lung biology and could be the subject of a
future study, but it is the inherent heterogeneity of both immuno-
chemistry and radiologic appearance that makes quantification of
ILD difficult. This challenge is being increasingly met through
computer-aided quantitative analysis, and CT texture has already
been shown to be a significant predicator of IPF mortality that is
independent of lung parenchymal patterns (22). It is plausible that
CT texture analysis could provide useful information about pulmo-
nary vasculature and PET uptake in the future.

CONCLUSION

Previous work has used ['*F]FDG PET/CT as a biomarker for
guiding personalized treatment and prognostication in IPF, and its
utility is increasingly recognized in other conditions such as in
post—coronavirus disease 2019 lung disease (/0). Understanding
the basis of the ['®F]JFDG PET/CT signal may offer mechanistic
insights into ILD and identify novel pharmacologic targets around
fibrosis. In this study, we highlight a marker of neoangiogenesis
and one of established vasculature as a predictor of mortality and
possible associations between neoangiogenesis and ['*F]JFDG
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KEY POINTS

QUESTION: Does the lung uptake of ['®F]JFDG on PET/CT
correlate with histologic markers in patients with fILD?

PERTINENT FINDINGS: This study revealed a positive correlation
between lung uptake of ['®F]FDG and MVD (CD105 MVD) in fILD 14.
patients. Higher CD105 MVD in UIP cases than in non-UIP cases
was associated with increased mortality.

IMPLICATIONS FOR PATIENT CARE: The findings emphasize
the potential significance of angiogenesis, particularly CD105
MVD, in fILD, suggesting avenues for further research and
therapeutic exploration.
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Clinical Evaluation of Deep Learning for Tumor Delineation
on "*F-FDG PET/CT of Head and Neck Cancer
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Artificial intelligence (Al) may decrease '®F-FDG PET/CT-based gross
tumor volume (GTV) delineation variability and automate tumor-
volume—derived image biomarker extraction. Hence, we aimed to
identify and evaluate promising state-of-the-art deep learning meth-
ods for head and neck cancer (HNC) PET GTV delineation. Methods:
We trained and evaluated deep learning methods using retrospec-
tively included scans of HNC patients referred for radiotherapy
between January 2014 and December 2019 (ISRCTN16907234). We
used 3 test datasets: an internal set to compare methods, another
internal set to compare Al-to-expert variability and expert interobser-
ver variability (IOV), and an external set to compare internal and exter-
nal Al-to-expert variability. Expert PET GTVs were used as the
reference standard. Our benchmark IOV was measured using the PET
GTV of 6 experts. The primary outcome was the Dice similarity coeffi-
cient (DSC). ANOVA was used to compare methods, a paired t test
was used to compare Al-to-expert variability and expert IOV, an
unpaired t test was used to compare internal and external Al-to-
expert variability, and post hoc Bland-Altman analysis was used to
evaluate biomarker agreement. Results: In total, 1,220 '8F-FDG
PET/CT scans of 1,190 patients (mean age + SD, 63 = 10y; 858 men)
were included, and 5 deep learning methods were trained using 5-fold
cross-validation (n = 805). The nnU-Net method achieved the highest
similarity (DSC, 0.80 [95% ClI, 0.77-0.86]; n = 196). We found no evi-
dence of a difference between expert IOV and Al-to-expert variability
(DSC, 0.78 for Al vs. 0.82 for experts; mean difference of 0.04 [95%
Cl, —0.01 to 0.09]; P = 0.12; n = 64). We found no evidence of a dif-
ference between the internal and external Al-to-expert variability
(DSC, 0.80 internally vs. 0.81 externally; mean difference of 0.004
[95% CI, —0.05 to 0.04]; P = 0.87; n = 125). PET GTV-derived bio-
markers of Al were in good agreement with experts. Conclusion:
Deep learning can be used to automate '®F-FDG PET/CT tumor-
volume—derived imaging biomarkers, and the deep-learning-based
volumes have the potential to assist clinical tumor volume delineation
in radiation oncology.
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PET/CT with F-FDG is integral to the oncologic evaluation
of nodal involvement, identification of distant metastases, radio-
therapy planning, response assessment, and patient follow-up
(1-4). This applies to several types of cancer, including head and
neck cancer (HNC). HNC was the seventh most common cancer
worldwide in 2018, with 890,000 new cases and 450,000 deaths
(5). Modern chemo-, immuno-, and high-precision radiotherapy
have increased survival; however, these treatments depend on
advanced image analysis, including tumor delineation by expert
specialists on functional and anatomic images (6).

Delineation of 8F-FDG PET/CT-based gross tumor volume
(GTV) to guide radiotherapy involves distinguishing healthy
from pathologic metabolic activity with high accuracy. This task is
complex in assessing nodal involvement and distinguishing healthy
metabolic activity in the proximity of malignant tissue. Furthermore,
the anatomic closeness between organs at risk, lymph nodes, and
malignant tissues can make HNC PET GTV delineation particularly
challenging. Here, a high-quality automated tumor delineation
method could lead to more consistent and repeatable image evalua-
tion. Additionally, treatment delay in radiotherapy leads to a
decreased chance of tumor control and an increased risk of metasta-
ses. In this context, the time savings made possible by automated
contouring in '8F-FDG PET/CT-guided radiotherapy planning
holds a potentially tangible clinical impact (7).

Artificial intelligence (AI) deep learning methods are currently the
state of the art for semantic segmentation on medical images (8).
Although lack of clinical evaluation has hampered Al implementation
in practice, there is good evidence that predefined deep learning meth-
ods can solve advanced, previously unseen problems (9—/1). Consid-
ering the success of predefined deep learning methods with novel
problems, we hypothesized that these algorithms could delineate PET
GTV to a standard comparable to our current clinical methods.

In this study, we identified promising, reproducible, predefined
Al deep learning methods in a systematic literature review and
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trained them on a large clinical dataset. We investigated how the
methods compared with clinical PET GTVs. We evaluated Al on
internal and external test scans, using expert-delineated PET
GTVs as the reference. Finally, we investigated whether PET
GTV-derived metabolic biomarkers were reliable. We aimed to
identify, train, and evaluate promising state-of-the-art deep learn-
ing methods for HNC PET GTV delineation and PET GTV-
derived biomarker extraction.

MATERIALS AND METHODS

This retrospective clinical evaluation was approved by the Danish
Patient Safety Authority (approval 31-1521-340, reference no. SMMO)
and the Danish Data Protection Agency (approval P-2020-427).

Observer evaluations were conducted from January to October 2022,
the analysis was performed from October 2022 to March 2023, and the
statistical analysis plan was published in September 2022 before look-
ing at any data at the registry (www.isrctn.com/: ISRCTN16907234).
After internal results became available, the decision was made to test
deep learning on an external dataset.

A full version of the Materials and Methods section is available as
Supplemental Appendix A (/2—15). Supplemental Appendix B and Sup-
plemental Table 1 list image acquisition and preprocessing details.

Hardware and software specifications are listed in Supplemental Table 2
(supplemental materials are available at http:/jnm.snmjournals.org).

Study Design and Patient Population

Scans were included of patients with HNC referred for '®F-FDG
PET/CT—guided radiotherapy at our institution (internal) between
2014 and 2019 and an external institution between 2018 and 2019.
The reasons for exclusion were incomplete data or failure to pass
visual validation (Fig. 1). No patients were below 18y of age. The
selected scans were divided into training, validation, and test subsets.
Three test sets, including an external one, were created with sample
sizes based on power considerations.

The institutional review boards at the involved hospitals approved
this retrospective study, and the requirement to obtain informed con-
sent was waived.

Clinical Evaluation and Reference Delineations

The clinical PET GTVs used for radiotherapy were applied for
model training and methods comparison. In our clinical routine, the
PET GTV delineated by nuclear medicine specialists is sent to a radia-
tion oncologist or radiologist, who uses the volume to guide the final
GTV delineation. Hence, for clinical evaluation, PET GTV was inde-
pendently delineated on the test sets for this study by 7 nuclear medi-
cine specialists: 6 internally and 1 externally (board-certified specialists
with 3.5 to >15y of experience). The PET
GTV region was delineated on the PET image

with an optionally underlying CT image. A
visually adapted isocontour without a fixed
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Summary of study. Causes of exclusion were data incompleteness and failure to
pass visual validation. No external scans were excluded to these criteria. Model training used 805

volume (cm3), SUVineans and SUV,,.. were
secondary outcomes. We used a significance

4. level of 0.05 in all statistical testing.
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selected from a group of six physicians
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FIGURE 2. Study design comparing expert IOV and Al-to-expert vari-
ability. Delineations are exemplified on random patient’s axial '®F-FDG
PET/CT intravenous contrast scan slice.

The sample sizes were based on power calculations in R using a
power of 0.8, a significance level of 0.05, and an expected SD of 0.14,
based on measurements published by Gudi et al. (/4). In the ANOVA,
we aimed to show a DSC difference of at least 0.025. The ¢ test power
calculations used a 2-sided alternative hypothesis. We aimed to show a
DSC difference of at least 0.05. The intended sample sizes were 196 to
compare methods’ Al-to-expert variability using 1-way ANOVA, 64 to
compare Al-to-expert variability and expert IOV using a paired ¢ test,
and 125 to compare internal to external Al-to-expert variability using
an unpaired ¢ test (the latter comparing 2 different patient groups). A
significance level of 0.05 was used in all statistical evaluations. Post
hoc Bland—Altman analysis was used to evaluate biomarker agreement.

The tumor volumes were modeled as a sphere, of which we calculated
the radius to achieve interpretable yet normally distributed differences.
We selected and described cases in which Al or experts failed.

RESULTS

Patient Characteristics

We found 1,298 '8F-FDG PET/CT scans for radiotherapy plan-
ning from servers at Rigshospitalet (the internal institution). Of
these, 83 were excluded because of incomplete data, and 120
failed to pass visual validation (Fig. 1). This left 1,095 scans from
1,065 patients. All 125 scans from the external institution (Herlev
Hospital) were included, leading to a total of 1,190 patients stud-
ied (mean age = SD, 63 = 10y; 858 men; Table 1).

We allocated 4 patient cohorts for this study: 1 cohort for
training/validation (n = 835) trained with 5-fold cross-validation
and 3 cohorts for testing (Table 2). Test 1 (n = 196) was used for
model evaluation and selection of the optimal model. The model
achieving the highest performance was used in subsequent tests.
Test 2 (n = 64) was used to compare this model with human
experts. All subjects in the test 2 cohort were scanned at a later date
than the training and test 1 cohort (Table 2) to ensure no model
selection bias based on subjects. Finally, in test 3 (» = 125), an
external evaluation was performed with externally acquired data.

Description of Included Methods

Of 860 unique results, 767 were excluded because of lack of direct
relevance to this study (metaanalyses, task not segmentation, method
not deep learning, superior method included, or method not well val-
idated). Of the remaining 93 titles, 88 were excluded because of
lack of open-source, documentation, and implementability (further
details and search key words in Supplemental Appendix A and Fig. 1).

TABLE 1
Summary of Patient Demographics and Key Clinical Characteristics in Each Dataset

Training and Method Internal clinical External clinical
Characteristic validation comparison evaluation evaluation
Number of patients 805 196 64 125
Age (y) 62.6 +10.5 62.8 £9.3 65.6 =10.0 64.2 +8.6
Weight (kg) 75.0 +18.1 76.3+18.7 71.8+16.9 74.8 +18.6
Dose (MBq) 300.4 =721 306.8 =72.9 283.1+67.6 289.1+61.5
Injection-to-scan time (h) 11+2 11+3 1.1 +1 1.1 +1
Sex 584 (73%) men 141 (72%) men 42 (66%) men 90 (72%) men
Oropharynx 301/805 (37 %) 78/196 (40%) 23/64 (40%) 76/125 (61%)
Larynx 123/805 (15%) 30/196 (15%) 9/64 (15%) 7/125 (6%)
Cavum oris 87/805 (11%) 22/196 (11%) 7/64 (11%) 8/125 (6%)
Hypopharynx 84/805 (10%) 21/196 (11%) 5/64 (8%) 22/125 (18%)
Rhinopharynx 50/805 (6%) 12/196 (6%) 6/64 (9%) 5/125 (4%)
Vestibulum nasi or sinus paranasalis 33/805 (4%) 6/196 (3%) 3/64 (2%) 1/125 (1%)
Unknown primary with lymph nodes 18/805 (2%) 3/196 (2%) 0/64 (0%) 6/125 (5%)
Salivary gland tumor 10/805 (1%) 0/196 (0%) 0/64 (0%) 0/125 (0%)
Unspecified 99/805 (12%) 24/196 (12%) 12/64 (19%) 0/125 (0%)

Qualitative data are number and percentage; continuous data are mean and SD (total n = 1,190). There was no difference in age
between men and women in any of 4 datasets (all P > 0.05). Mean age was higher in internal clinical evaluation test set than in training
data (P = 0.01). At same time, there was no evidence of age differences from training data in 2 other test sets (P = 0.74 for method

comparison test set and P = 0.10 for external test set).
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TABLE 2
Summary of Datasets for Model Training, Validation, and Independent Testing

Set Start End Source n Purpose
Training by cross-validation
Training folds (80%) 2014 January 2019 June Internal 668 Train model
Validation fold (20%) 2014 January 2019 June Internal 167 Validate model
Test
1 2014 January 2019 June Internal 196 Compare models performance
2 2019 July 2019 December Internal 64 Compare models with experts’ IOV
3 2018 January 2019 December External 125 Compare internal with external

model performance

All methods were trained with a 2-channel PET and CT input against
PET GTV as the output.

Five methods met our inclusion criteria (Fig. 1): nnU-Net,
DeepMedic, InnerEye, Swin-UNETR, and Tureckova. nnU-Net
(version 1) (/6) is based on the U-Net (/7), characterized by a
U-shaped architecture consisting of convolutional and pooling
layers mirrored to form the output. nnU-Net is designed to deal
with dataset diversity by fully standardizing and automating the
pre- and postprocessing design decisions based on training data
features. DeepMedic (/8) uses a dual pathway of convolutional
layers that simultaneously process the image at normal and low
resolution to incorporate local and contextual information. Subse-
quently, it uses a 3-dimensional fully connected conditional ran-
dom field model to remove false positives. InnerEye (/9) features a
HeadAndNeckBase class used in a previous publication about HNC
tumor segmentation. This was used in our implementation. The
method uses a 3-dimensional U-Net with strided convolutions instead
of max-pooling operations, nonlinear activation of upsampled ten-
sors, residual connections, and dilated convolution kernels in the
encoder to preserve more contextual information. Swin-UNETR (20)
attempts to solve the challenge of modeling long-range information
using shifting window transformers that compute self-attention in an
efficient shifted window partitioning scheme. It utilizes the U-shaped
architecture with a shifting window transformer as the encoder and
connects it to a convolutional neural network—based decoder at differ-
ent resolutions via skip connections. Finally, Tureckova (27) is an
extension to nnU-Net featuring a V-Net architecture with attention
gates designed to help the network focus on a desired scan area by
learning to focus on a subset of target structures.

Comparison of Al Methods

nnU-Net achieved the highest mean DSC (Fig. 3A, clinical
example in Fig. 4). The DSCs of DeepMedic, InnerEye, and Swin-
UNETR were lower (all P = 0.05, exact values in Fig. 3), whereas
we found no evidence of a difference from Tureckova (P = 0.19).
Complete delineation disagreement (DSC, 0) between clinical and
Al-based delineations occurred in 4 of 196 patients (2%) for Deep-
Medic; 6 of 196 patients (3%) for nnU-Net, Swin-UNETR, and Tur-
eckova;, and 35 of 196 patients (18%) for InnerEye. nnU-Net
achieved a higher F1 score than Tureckova. Hence, nnU-Net, hereaf-
ter referred to as Al in this Results section, was further evaluated.

Internal Clinical Evaluation

The internal clinical evaluation showed no evidence of differ-
ences between Al-to-expert variability (DSC, 0.78) and expert IOV
(DSC, 0.82, a mean difference of 0.04 [95% CI, —0.01 to 0.09];
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P = 0.12; Fig. 3B). In 1 patient, Al included no volume, whereas
the experts did. The reference expert included no volume in 2 cases,
whereas the other expert and Al did.

Al and expert PET GTV-based biomarker agreement was accept-
able (Figs. SA and 5B). The 3 scans with no PET GTV detected

A 0.80{0.77; 0.88) 074 (0.65; 0.83) 0.62(0.54;0.71) 0.72{0.63; 0.81) 0.77 (0.68; .85}
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Swin-UNETR 0724028 054036 1001865
Tureckova 077024 DF7+0.26 32434
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@ External validation 125 Al(nnU-Met)  081+021 0.84%0.23 43+67
FIGURE 3. (A) Comparison of 5 implemented methods trained on 196

patient scans based on DSC. Values above boxes are mean followed by
95% Cl in parentheses, with P values below. nnU-Net achieved highest
DSC and was further analyzed (denoted Al). (B) Paired comparison of Al-
to-expert variability and expert IOV on 64 independent internal test scans.
(C) Comparison of Al-to-expert variability on 196 internal (same as nnU-
Net in A) and 125 external patients. All 3 comparisons used expert-
delineated tumor volumes as reference. Values above boxes in B and C
are mean difference followed by 95% CI in parentheses, with P values
below. Rhombus shape indicates mean value, and central line represents
median. Boxes enclose interquartile range. Whiskers extend to most sig-
nificant measurement no further than 1.5 X interquartile range from hinge.
Data beyond whiskers are plotted individually. Notch roughly represents
95% Cl around median. (D) DSC, F1 score (F1), and Hausdorff distance
(HD) summary statistics in mean + SD. Hausdorff distance is undefined
when expert or Al includes no volume. Hence, numbers marked with *, **,
** and *** were based onn = 195, 186, 61, and 63, respectively.
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were excluded, leaving 61 patients for anal-
ysis. For SUVea, Al showed narrower
limits of agreement (LoAs) than experts
compared (lower to upper, —1.1 to 2.1 for
Al and —2.1 to 2.0 for experts). We found
no evidence of bias between experts (P =
0.83), whereas Al overestimated values by
0.5 (95% CI, 0.2-0.7) (P = 0.001). Tumor
radius LoAs of Al were broader than
experts’ (lower to upper, —0.5 to 0.5 cm for
Al and —0.4 to 0.4 cm for experts), and we
observed no evidence of biases (0.004cm
[95% CI, —0.05 to 0.05cm; P = 0.88] for
the experts and 0.02 cm [95% CI, —0.08 to
0.04cm; P = 0.51] for Al). SUV . Was
not analyzed statistically because of viola-
tion of the normality assumption; however,
Al and experts found the same value in all
except 3 patients (Supplemental Fig. 2),
whereas experts found the same value in all

FIGURE 4. Clinical scan delineated by expert (reference) and by Al, along with Al-to-expert agree-

but 2 patients.

ment (DSC, 0.92). Shown are axial images of 50-y-old man with HNC of rhinopharynx. '®F-FDG

PET/CT with intravenous contrast agent showed greatly increased activity corresponding to large
tumor process in right rhinopharynx, crossing midline and growing frontally into cavum nasi on right,
intracranially on right, medially in fossa media, and along dura laterally. In addition, multiple lymph

External Clinical Evaluation
The external clinical evaluation showed
no evidence of a difference between internal

nodes in neck had greatly increased activity bilaterally. Al correctly avoided including physiologically

active areas such as saliva, metal artifact-induced activity, nose tip, brain, and optic nerve. HU =

Hounsfield units.
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FIGURE 5. Tumor-volume—derived biomarkers based on Al delineation
in good agreement with experts. Shown are Bland-Altman plots for agree-
ment between Al and expert PET GTV-derived biomarkers. Shaded
regions and dashed lines represent LoA and mean bias, respectively. Lim-
its of agreement for SUV,,,ax Were not included because of violation of
normality assumption. To improve visualization, single outlier with extreme
SUVpax of 151 in B was excluded from plot.
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and external Al-to-expert variability (mean
DSC difference of 0.004 [95% CI, —0.05 to
0.04; P = 0.86], Fig. 3C). Both the expert
and Al identified PET GTV in all patients.

External biomarker agreement between Al and experts was
acceptable (Fig. 5C). For SUV pean, the LOA was narrower exter-
nally than that of internal experts (lower to upper, —1.7 to 2.0
externally and —2.1 to 2.0 internally), whereas no bias was
detected (0.1 [95% CI, —0.1 to 0.3]; P = 0.18). For the tumor vol-
ume radius, Lower and upper LoAs for the PET GTV were —0.4
to 0.5cm externally and —0.5 to 0.5 cm internally, and there was
no evidence of bias (0.03cm [95% CI, —0.007 to 0.07 cm];
P = 0.10). Because of violation of the normality assumption,
SUV,.ax Was not analyzed statistically; however, experts and Al
found the same value in 116 of 125 patients.

Failure Analysis

We identified 11 patients for whom either Al or experts failed
(Supplemental Fig. 1). The main causes of delineation failure for
Al and experts were postsurgical inflammation (4 patients) and
lymph node inclusion disagreements (4 patients). In addition, rare
situations not represented in the training scans could have led Al
to fail (2 patients): one in which physicians included a tonsil with
borderline activity and one in which the patient was lying in a
nonstandard position in the scanner. Finally, for a single patient,
the reference physician incorrectly included a region in the
patient’s orbita. Six of the 11 test scans were postsurgical (55%).
The test set featured 10 of 64 postsurgical patients (16%). In post-
surgical patients, expert DSC dropped from 0.82 to 0.58. AI DSC
dropped from 0.78 to 0.46. Excluding postsurgical patients and
repeating the paired 7 test to compare Al-to-expert variability and
expert IOV, the lack of a significant difference between the Al-to-
expert variability and expert IOV remained (DSC, 0.87 for Al-to-
expert vs. 0.84 for expert IOV, a difference of 0.03 [95% CI,
—0.02 to 0.07]; P = 0.24).
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DISCUSSION

This study was conducted to identify and evaluate state-of-the-
art deep learning for delineating PET GTV in HNC and for PET
GTV—derived biomarker extraction. We demonstrated that deep
learning could delineate volumes similar to clinical quality (Al-to-
expert DSC, 0.78, and IOV of 6 experts’ DSC, 0.82; P = 0.12)
and that resulting PET GTV-derived biomarkers were reliable
(tumor volume radius upper and lower limits of agreement, —0.5
to 0.5cm for Al and —0.4 to 0.4 cm for experts). We suspect most
clinics will find these limits of agreement acceptable for clinical
use. Further, our results warrant further investigation into how
deep learning could reduce clinical tumor delineation variability.

During our survey of deep learning methods, we encountered
93 promising titles. Of these, 88 lacked shared code, proper docu-
mentation, or accessible implementability. nnU-net achieved the
highest level of similarity to our experts. This method has had a
significant impact in recent years, winning challenges such as the
Brain Tumor Image Segmentation Benchmark and the Medical
Segmentation Decathlon (/1,22). Notably, since 2022, the leading
method of the latter challenge has been the Swin-UNETR method,
which we expected would be superior to nnU-Net. However, this
was not the case. This difference may imply that nnU-Net is the
more robust method when pretraining data are unavailable; how-
ever, the results may be specific to our setting. Compared with
other models, nnU-Net has the benefit of flexibility enabled by
integrated self-configuring pre- and postprocessing, enabling reli-
able results for various tasks. Conversely, the main weakness of
nnU-Net is its computational demand. Like other deep learning
models, nnU-Net lacks inherent interpretability and depends on
high data quality. Although the Head and Neck Tumor Segmenta-
tion Challenge (HECKTOR) is not directly comparable because of
segmentation task differences, it resembles our work. Here, the
nnU-Net achieved a similarity in our study as observed in the lat-
est results of HECKTOR (DSC, 0.8). Finally, although we have
not explicitly tested model performance using CT or PET alone, it
has previously been shown that a multimodal PET/CT input is
superior to either modality used alone (23).

If a method has limited precision, even a perfect new method will
not agree with it (24). Hence, the Al-to-expert similarity can exceed
the expert IOV only by random effect, making IOV measurements
important to understand the level of similarity to experts that Al can
theoretically achieve. Although some authors provide IOV and find
similar results to this work (25), such data are often unavailable.
With a DSC of 0.82, our experts achieved a higher similarity than
other groups (DSC, 0.61-0.69) (14,26). Notably, we used the delin-
eation of a random expert as the reference for each patient, which we
consider a considerable strength because the resulting variability
represents what patients are exposed to in practice (for instance, con-
sensus delineations are not used in clinical practice).

We do not know of others evaluating deep learning—based bio-
marker extraction from PET/CT scans of HNC. However, there is
evidence that PET/CT biomarkers can be extracted for %®Ga-
PSMA PET/CT scans of prostate cancer (total lesion volume and
uptake) and '®F-FDG PET/CT scans of lymphoma (total metabolic
tumor volume) (27,28). These results support the indication of this
work that Al can safely be used for PET/CT biomarker extraction.

Our failure analysis showed that expert IOV and Al-to-expert
variability increased in postsurgical scans. In addition, Al tended
to include more lymph nodes than physicians did. Concerning
postsurgical patient scans, our observation is consistent with the
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literature (29). Furthermore, the observation matches our clinical
experience: scans taken after surgery complicate the classification of
8F_FDG-avid regions. Concerning lymph nodes, the clinical deci-
sion of inclusion relies on the optimal balance between including too
much or too little tissue. Hence, the final delineation result depends
on a clinical risk assessment of contextual information. Considering
this information in a deep learning model requires methodologic
developments before being tested in a clinical context.

Our study had limitations. We confined the inclusion of meth-
ods to those reproducible in our context, which could lead to the
exclusion of leading methods. For example, the 2022 HECKTOR
winner did not meet our method selection criteria (30). Further-
more, because of masking, the internal experts did not have access
to routine contextual information, a necessary precaution to avoid
the potential bias from seeing tumor-volume delineations of other
experts. Finally, although several scanners were represented, scans
were performed mostly on the same model (Siemens Biograph
64), which could limit generalization.

Our findings indicate that Al-based PET GTV delineations are
on a par with human delineations, bearing significant implications
for clinical practice. First, it could reduce delineation time for
nuclear medicine physicians, radiologists, and radiation oncologists.
Second, AI’s consistency could reduce physician IOV. Conse-
quently, this points to potential improvements in the speed and con-
sistency of treatment planning and increased biomarker stability.

CONCLUSION

Deep learning can be used for automated PET GTV—derived
biomarker extraction and large imaging biomarker studies. Fur-
thermore, deep learning can delineate PET GTVs similar to clini-
cal volumes, holding potential for radiotherapy planning.
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KEY POINTS

QUESTION: Can Al deep leaming automate '®F-FDG PET/CT
HNC tumor volume delineation and image biomarker extraction?

PERTINENT FINDINGS: We retrospectively developed 5 deep
learning models using 5-fold cross-validation and compared them
using the DSC as the primary outcome. The Al-to-expert similarity
(DSC, 0.78) was not significantly different from expert-to-expert
similarity (DSC, 0.82), and when evaluated in Bland-Altman
analysis, the Al imaging biomarker limits of agreement were in the
same range as the uncertainty between experts.

IMPLICATIONS FOR PATIENT CARE: Deep learning can
automate "8F-FDG PET/CT biomarker extraction in HNC. It can
potentially assist tumor delineation in radiotherapy planning.
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PET/CT-Based Radiogenomics Supports KEAP1/NFE2L.2
Pathway Targeting for Non—Small Cell Lung Cancer Treated
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In lung cancer patients, radiotherapy is associated with a increased
risk of local relapse (LR) when compared with surgery but with a
preferable toxicity profile. The KEAP1/NFE2L2 mutational status
(Mutkeap1/nFeE2L2) IS Significantly correlated with LR in patients treated
with radiotherapy but is rarely available. Prediction of Mutkeap1/nFe2L2
with noninvasive modalities could help to further personalize each
therapeutic strategy. Methods: Based on a public cohort of 770
patients, model RNA (M-RNA) was first developed using continuous
gene expression levels to predict Mutkeap1/nFe2L2, FESUItING in a binary
output. The model PET/CT (M-PET/CT) was then built to predict
M-RNA binary output using PET/CT-extracted radiomics features.
M-PET/CT was validated on an external cohort of 151 patients treated
with curative volumetric modulated arc radiotherapy. Each model was
built, internally validated, and evaluated on a separate cohort using
a multilayer perceptron network approach. Results: The M-RNA
resulted in a C statistic of 0.82 in the testing cohort. With a training
cohort of 101 patients, the retained M-PET/CT resulted in an area
under the curve of 0.90 (P < 0.001). With a probability threshold of
20% applied to the testing cohort, M-PET/CT achieved a C statistic of
0.7. The same radiomics model was validated on the volumetric mod-
ulated arc radiotherapy cohort as patients were significantly stratified
on the basis of their risk of LR with a hazard ratio of 2.61 (P = 0.02).
Conclusion: Our approach enables the prediction of Mutkgap1/nFe2L2
using PET/CT-extracted radiomics features and efficiently classifies
patients at risk of LR in an external cohort treated with radiotherapy.

Key Words: radiation sensitivity; KEAP1/NFE2L2; PET; lung cancer;
radiomics
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Radiotherapy is a major treatment option for localized lung
cancer (/). Depending on the clinical setting, radiotherapy can be
delivered alone or in combination with systemic treatments such
as chemotherapy, immunotherapy, or other drugs (I). Fraction-
ation and dose prescription are tailored for each patient depending
on the histology and the tumor stage. For patients with locally
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advanced non—small cell lung cancer (NSCLC) who cannot undergo
surgery, chemoradiotherapy followed by durvalumab is the preferred
option (2,3). For patients with stage I NSCLC, stereotactic radiother-
apy challenges surgery as the upfront treatment (4—6). Radiotherapy
requires an extensive staging with '3F-FDG PET/CT (7). Local
relapse (LR) rates slightly differ after the 2 treatment options, with a
higher LR rate in patients treated with radiotherapy than in those
treated with surgery (8). The KEAP1/NFE2L2 pathway regulates the
response to radiotherapy with several involvements in the oxidative
cascade (9-12). Patients who harbored a mutation in the KEAPI or
NFE2L2 gene are more likely to present a postradiotherapy LR than
patients who are mutation-naive (/3,/4). Establishing the muta-
tional status could thus have a substantial therapeutic impact, with
some patients being possibly recommended for surgery rather than
radiotherapy when a mutation is found. When surgery is not feasi-
ble, dose escalation or radiosensitization through systemic agents
could be an option. Results could even be extrapolated to patients
treated with immunotherapy or chemotherapy, as KEAP1/NFE2L.2
mutations are also associated with response to systemic treatments
(15,16).

KEAP1/NFE2L2 mutations are not part of the usual tested biomark-
ers for lung cancer. Noninvasive assessment of the KEAP1/NFE2L.2
mutational status (Mutgeapinrezr2) could have the same impact as
genetic sequencing but with added advantages such as early diagnosis,
decreased costs, and eventual longitudinal monitoring for a more
accurate follow-up.

Radiomics features are statistical, geometric, or textural metrics
designed to provide quantitative measurements of intensity, shape,
or heterogeneity of a given volume of interest in medical images
and have been a great field of interest for several years. Radiomics
are thought to noninvasively apprehend intratumoral heterogeneity
and fully characterize a tumor and were previously used for the
prediction of biomarkers such as a mutation in the epidermal
growth factor (/7). To our knowledge, it was never used for the
prediction of KEAP1/NFE2L2 mutations.

The aim of this study was to develop and externally validate a
PET/CT-based radiomics model for the prediction of Mutkgapi/NrE2L2-

MATERIALS AND METHODS

Population

Our goal was to develop a prediction model for Mutggapi/NFE2L2
using only PET/CT features. Of the 1,374 available patients in the
cohorts of The Cancer Genome Atlas—Lung Squamous Cell Carcinoma
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(18) (n = 522), The Cancer Genome Atlas—Lung Adenocarcinoma (/9)
(n = 504), Clinical Proteomic Tumor Analysis Consortium-Lung
Squamous Cell Carcinoma (20) (n = 108), Clinical Proteomic Tumor
Analysis Consortium—Lung Adenocarcinoma (2/) (n = 110), and
NSCLC-Radiogenomics (22) (n = 130), Mutggapi/NFe2L2 Was known
for 770 patients, of which only 41 had an available PET/CT image.
Because of the low number of cases, direct prediction of the mutational
status using PET/CT features was deemed not feasible and prone to
overfitting. Transcriptomics via sequencing of the RNA could give an
insight on Mutggapi/nFeaL2, With 33 genes being upregulated in the
case of Mutggapi/nre2L2 (23) and thus leading to highly activated meta-
bolic pathways such as glutathione metabolism. Genomics (exome
sequencing data) and transcriptomics data were thus available for 770
patients (cohort 1), whereas transcriptomics (Illumina HiSeq platform)
and PET/CT data were available for 158 patients (cohort 2).

A 3-step approach was proposed. First, using cohort 1, the first
model RNA (M-RNA) using continuous gene expression levels was
developed to predict Mutggapi/nrror2. Gene expression levels were
normalized as reads per kilobase million. The outputs of the M-RNA
were continuous-probability M-RNA and binary-outcome M-RNA (M-
RNA-B). Second, another model (model PET/CT [M-PET/CT]) using
radiomics data was built with a focus on cohort 2 for the prediction of
M-RNA-B. The outputs of the M-PET/CT were thus M-PET/CT-C as
a continuous probability and M-PET/CT-B as a binary output. Third, in
the final step, 2 cohorts were used for clinical validation, testing the
impact of M-PET/CT-B on LR-free survival (LRFS). Crude incidence
rates were used. Survival analysis was based on a Kaplan—Meier curve
using 2 cohorts: the NSCLC-Radiogenomics cohort, with 123 patients
being analyzable (available clinical data and PET/CT), and an external
cohort of 151 patients (cohort 3; NCT04545658 and NCT03931356)
(24,25) treated with curative volumetric modulated arc radiotherapy.

The institutional review board of the University Hospital of Brest
approved this retrospective study, and all subjects received a nonopposi-
tion form. The research was performed in accordance with the declaration
of Helsinki. The section below (Model Building) shows the dichotomiza-
tion of the continuous-probability M-RNA outputs to M-RNA-B ones.

Figure 1 provides a flowchart summarizing the different statistical
steps, and a second flowchart explaining the patients’ selection is pre-
sented in Supplemental Figure 1 (supplemental materials are available
at http://jnm.snmjournals.org).

As an additional statistical validation, direct prediction of
Mutggapinrearz Using M-PET/CT-C was also assessed in the 41
patients for whom both mutational status and PET/CT were available.

Model Building

Each model was built, internally validated, and evaluated on a sepa-
rate cohort using a multilayer perceptron network approach, as previ-
ously reported (24,26). In-depth explanations regarding the model
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FIGURE 1. Flowchart summarizing different statistical steps. M-RNA-C =
continuous-probability M-RNA; VMAT = volumetric modulated arc
radiotherapy.
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building are available as Supplemental Protocol 1 (/8-25,27-29).
Briefly, transcriptomics or radiomics features were first selected using
the Mann—Whitney test. Only statistically different features about the
Mutggapinrearz (step 1) or the M-RNA-B (step 2) were retained.
Correlation between the retained features was then assessed with the
Spearman correlation coefficient, keeping only the most significant
feature in the case of a Spearman coefficient greater than 0.7. Selected
features were then combined using a decremental neural network
approach based on each feature’s ranking, with the ranking being set
by the importance of the feature in the proposed model. For each
model, the least important feature is put apart and the remaining fea-
tures are provided for the development of the next model. The chosen
model was the one maximizing the mean accuracy based on 1,000
replications of bootstrapping.

For the development of the M-RNA, cohort 1 was randomly split
into 3 independent sets: training (50%, 381/770), validation (20%,
159/770), and testing (30%, 230/770). For the development of the M-
PET/CT, cohort 2 was randomly split into a training set (~60%, n =
151) and a testing set (~40%, n = 57). Each model was associated
with a probability cutoff based on the Youden index, thus classifying
patients at high or low risk of mutation. For the M-RNA, the probabil-
ity threshold was defined using the validation cohort, resulting in M-
RNA-B. For the M-PET/CT, the probability threshold was determined
on the training set, resulting in M-PET/CT-B.

Both models were evaluated on the testing and validation cohorts
using receiver-operating characteristics such as the area under the
curve (AUC), sensitivity, specificity, interrater agreement statistic (k),
balanced accuracy (BACC), and F1 score. Negative and positive pre-
dictive values were calculated. Decision curves were also used for the
models’ evaluation. The impact of the probability threshold was
assessed by changing its value and observing the shifts in sensitivity,
specificity, negative predictive values, positive predictive values, and
k for the M-PET/CT. The research was performed in accordance with
the Standards for Reporting of Diagnostic Accuracy guidelines.

RESULTS

Prediction of Mutkeap1/nFe2L2 Using Transcriptomics Data

A mutation of either KEAP1 or NFE2L2 was found in 175 of 770
patients (22.7%). The best M-RNA reached a mean accuracy of
91.6% in the training cohort (Supplemental Fig. 2). When 9 transcrip-
tomics features were combined (CBR1, G6PD, GCLM, NQO1, PGD,
SRXNI1, TRIM16, TXNRDI1, and UGDH), the M-RNA reached an
AUC of 0.99 (P < 0.001). The importance of each transcriptomics
feature in the M-RNA is shown in Supplemental Table 1.

In the training set and with a 15% probability cutoff, the
M-RNA resulted in a BACC of 96.8%, a sensitivity of 96.3%, a
specificity of 97.3%, and a k of 0.90. With the same probability
threshold, the BACC was 78.8% and 81.9% in the validation and
testing cohorts, respectively.

The receiver-operating-characteristic curves for each cohort are
available in Figures 2A and 2C, and the results according to the
cohort are detailed in Table 1.

Decision curve analysis showed the efficiency of the M-RNA,
especially for higher predicted probabilities mainly in the testing
cohort (Supplemental Figs. 3A-3C).

Prediction of M-RNA-B Using Radiomics Features

On the basis of the 101 patients from the training cohort, only 5
features harbored a significant differential distribution between
the 2 M-RNA-B groups: 4 features extracted from PET and 1
extracted from CT (Supplemental Table 2). Selected radiomics
features harbored a significant correlation with 7 of 9 retained
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FIGURE 2. Prediction of MUTkeap1/nFE2L2 USING continuous-probability
M-RNA (receiver-operating-characteristic curve) in training cohort (A), vali-
dation cohort (B), and testing cohort (C).

transcriptomics features as shown in Supplemental Table 3. A posi-
tive M-RNA-B status was seen for 29.7% and 17.5% (P = 0.09) of
the training and testing cohorts, respectively (Supplemental Table 4).

In the training cohort, the M-PET/CT combined the 5 previ-
ously presented radiomics features, resulting in a mean accuracy
of 74.1%. The most important feature was the Wavelet-
HLH_glem_MaximumProbability, with an importance of 82.0%.
In the training cohort, M-PET/CT-C achieved an AUC of 0.90
(P < 0.001). When the 20% probability threshold maximizing the
Youden index was applied, M-PET/CT-B resulted in a BACC of
80.4%, a sensitivity of 83.3%, a specificity of 77.5%, and a k of 0.55.
On the testing cohort, M-PET/CT decreased to an AUC of 0.71
(P = 0.02), a k of 0.34, a BACC of 70.5%, a sensitivity of 60%, and
a specificity of 80.9%. In the training and testing cohorts, respectively,
M-PET/CT-B resulted in negative predictive values of 91.7% and
90.5% and positive predictive values of 61.0% and 40.0% (Table 2).

The receiver-operating-characteristic curves for each cohort
(training and testing cohorts) are available in Figures 3A and 3B,
and the mean accuracy for M-PET/CT is presented as Supplemen-
tal Figure 4.

In the testing cohort, analysis of the decision curve for M-PET/
CT-C showed a positive net clinical benefit for probabilities rang-
ing between 0% and 33% (Supplemental Fig. 5).

Prediction of Mutkgap1/nFE2L2 USing M-PET/CT-C

An exploratory analysis regarding the prediction of Mutxgapi/NFE212
using M-PET/CT-C was performed. For the 26 patients included in the
training cohort, M-PET/CT-C reached an AUC of 0.71 (P = 0.06),
whereas the AUC changed to 0.80 for the 15 patients in the testing
cohort.

Impact on LRFS

Prediction of LRFS in NSCLC-Operated Patients Using
M-PET/CT-B. With a median follow-up of 58.8mo (95% CI,
43.4-64.6 mo), the LR rate was as low as 4.6% (6 of 123 patients

from the NSCLC-Radiogenomics cohort). No significant differ-
ence was found according to the M-PET/CT-B as shown in
Figure 4A.

Prediction of LRFS in NSCLC Patients Treated with Curative
Radiotherapy Using M-PET/CT-B. In a retrospective cohort of
151 patients with a median follow-up of 28.9 mo (95% CI, 21.1-
35.1mo), LR occurred in 15.1% of the patients. M-PET/CT-B sig-
nificantly stratified patients regarding their risk of LR, with a haz-
ard ratio of 2.61 (95% CI, 1.07-6.40; P = 0.02) with a LR rate of
15.1% as shown in Figure 4B.

DISCUSSION

To our knowledge, this study is the first to focus on the predic-
tion of the KEAP1/NFE2L2 mutation. Not being available in the
clinical practice because of its cost and novelty, noninvasive pre-
diction could have a significant therapeutic impact given the
shorter LRFS in patients harboring such mutations. When 5
PET/CT radiomics features were combined, the M-PET/CT was
predictive of LRFS in an external cohort of 151 patients treated
with radiotherapy.

The KEAP1/NFE2L2 molecular pathway is of growing interest
given recent data, making it a potential biomarker of radioresis-
tance (/4). Our model could have a substantial impact on the treat-
ment of NSCLC. With a negative predictive value of 90.5%,
patients with a M-PET/CT-C of 20% or less could thus continue
with their radiotherapy plan, whereas patients with a M-PET/CT-
C of more than 20% could be proposed for either tumor RNA or
genome sequencing. In the testing cohort alone, this would avoid
such genetic tests for 73.7% (42/57) of the testing cohort. In the
overall cohort, the M-PET/CT would avoid unnecessary genetic
testing for 64.6% of the cohort, with the risk of only 9 false-
negative patients (5.7%). The BACC decreased in the testing set,
especially with a lower sensitivity. Apart from the performance of
the M-PET/CT itself, this can partly be explained by the lower
rate of M-RNA-B—positive patients in the testing set.

In the case of a proven mutation affecting the KEAP1/NFE2L2
pathway, management remains unclear to this day. Operable
patients could be referred to a thoracic surgeon. However, a signif-
icant number of patients are probably not suitable for surgery. For
this subset of patients, dose escalation or treatment combination
could be proposed. Use of radiosensitization agents such as gluta-
minase inhibitors could lower the risk of LR (/3,14).

The second major finding in our work is the significant stratifi-
cation allowed by M-PET/CT-C regarding the LR risk in patients
treated with radiotherapy. Patients with a M-PET/CT-C greater
than 20% were 2.6 times more likely to present with LR in an

TABLE 1
Prediction of MUTkgap1/nFe2L2 Using Continuous-Probability M-RNA
Probability Mean AUC_
threshold Partition accuracy” RecallCurve F1 score AUC K SE SP BACC
>15% Training 91.6% 0.97 0.96 0.99 0.90 96.3% 97.3% 96.8%
Validation 0.69 0.71 0.87 0.32 64.5% 93.0% 78.8%
Testing 0.87 0.87 0.93 0.49 70.3% 93.4% 81.9%

*Based on 1,000 bootstrap replications.
SE = sensitivity; SP = specificity.
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2 (33.3%)
2 (33.3%)

9 (22.5%)
2 (33.3%)

Patients above
the threshold

M-RNA-B M—Igll\?A—B M-RNA-B*
31 (77.5%)
9 (60.0%) 6 (40.0%)
4 (66.7%)
4 (66.7%)
4 (66.7%)

Patients under
the threshold

No
(94.1%) 1 (5.9%)

16
0.48 38 (90.5%) 4 (9.5%)

F1

BACC score M-RNA-BT
0.30 43 (84.3%) 8 (15.7%)

0.30 43 (84.3%) 8 (15.7%)
0.30 43 (84.3%) 8 (15.7%)

Testing cohort (n = 57 patients)
0.36

62.0%
70.5%

SP
34.0%
80.9%

ROC results
K SE
0.11 90.0%
0.34 60.0%

M-RNA-B*
13 (100.0%) 0.14 20.0% 91.5% 55.8%

13 (100.0%) 0.14 20.0% 91.5% 55.8%
13 (100.0%) 0.14 20.0% 91.5% 55.8%

TABLE 2
Receiver-Operating Characteristics of M-RNA-B Using M-PET/CT-C in Each Cohort

Patients above
the threshold
No
M-RNA-B  M-RNA-B
0 (0.0%)

0 (0.0%)

16 (39.0%) 25 (61.0%)
0 (0.0%)

43 (58.9%) 30 (41.1%)

0 (0.0%)
5 (8.3%)
17 (19.3%)
17 (19.3%)
17 (19.3%)

Patients under
the threshold

No
0.58 28 (100.0%)
0.70 55 (91.7%)
71 (80.7%)
71 (80.7%)
71 (80.7%)

0.61
0.61
0.61

Fi

Training cohort (n = 101 patients)
BACC score M-RNA-Bf

69.7%
80.4%
71.7%
71.7%
71.7%

SP
39.4%
77.5%
100%
100%
100%

ROC results
SE

K

0.28 100%
0.55 83.3%
0.52 43.3%
0.52 43.3%
0.52 43.3%

Mean
accuracy*
741%

>10%
>20%
>30%
>40%

>50%
Bold data indicate probability thresholds.

*Based on 1,000 Bootstrap replications.
TNegative predictive value in parentheses.
*Positive predictive value in parentheses.
SE = sensitivity; SP = specificity.
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FIGURE 3. Prediction of M-RNA-B using M-PET/CT-C (receiver-operat-
ing-characteristic curve): M-PET/CT-C in training cohort (A) and in testing
cohort (B).

external cohort. These data highlighted the strength of radioge-
nomics and opened the possibility of imputing our model in LR
prediction modeling and possibly not using the M-RNA. As
expected, results were not significant in the radiogenomics
cohort. Response to treatment is known to be independent from
Mutggapi/NFE2L2 10 patients who had surgery (14).

Certain limitations could not be overcome. Prediction of the
Mutkeapi/NFE2L2 Tather than a surrogate would probably limit the
complexity of our approach. Nevertheless, the AUC of 0.80
for the prediction of MutKEApl/NFEZLz using M-PET/CT-C in the
testing cohort demonstrates the potential of our approach. The
M-PET/CT was trained and validated in patients among several
cohorts. The semiautomatic segmentation ensures robustness and
low intervariability. The neuroCombat harmonization method
(28,29) limits the heterogeneity associated with multicentric data
without compromising interpatient variability. Although the exter-
nal validity of such a model is probably enhanced, the testing
cohort for M-PET/CT-B cannot be seen as an external validation.
Having a real external validation remains necessary, especially
given the possible instability of wavelet-based features (30).
Finally, the pathogenicity of Mutggapi/NFE2L2 Was not evaluable,
thus limiting the explainability of M-PET/CT. Maximum probabil-
ity is a radiomics feature extracted on the gray level cooccurrence
matrix. It represents the number of occurrences of the most pre-
dominant pair of neighboring intensity values. Although a signifi-
cant correlation was found between the selected radiomics features
including the maximum probability and most transcriptomics fea-
tures, the positive correlation between the maximum probability
and M-PET/CT-B indicates that the probability of mutation is
associated with the '8F-FDG heterogeneity uptake. Despite these
limitations, M-PET/CT-B significantly stratified patients treated
with radiotherapy in an external cohort.
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FIGURE 4. Prediction of LRFS in NSCLC-Radiogenomics (A) and volu-
metric modulated arc radiotherapy (B) cohorts using M-PET/CT-B.
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CONCLUSION

Using a hybrid approach, a model combining PET/CT-extracted

radiomics features was able to predict the Mutggapi/nFr2r2 a8 Well

as

the risk of LR after radiotherapy. This model appears to be gen-

eralizable without any added costs or sequencing delays and could
be used in the selection of patients for genetic testing and LR pre-
diction modeling. It could thus have a significant impact in helping
clinicians select thoracic radiotherapy or surgery for their patients.
External validation of this model is currently under investigation,
opening the field to new treatment strategies.
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KEY POINTS

QUESTION: Can a PET/CT-based radiomics model predict the
Mutkeap1/nFe2L2 @nd thus LRFS after thoracic radiotherapy?

PERTINENT FINDINGS: In this innovative research article, a
transcriptomics signature was developed and internally validated
using a cohort of 770 NSCLC patients. A radiomics-based
M-PET/CT was able to predict the transcriptomics signature.
This radiomics signature was validated on an external cohort of
151 patients treated with radiotherapy, in which patients at high
risk of relapse as calculated by the radiomics signature were

2.6 times more likely to present with LR.

IMPLICATIONS FOR PATIENT CARE: This model appears to be
generalizable without any added costs or sequencing delay and
could be used for the selection of patients for genetic testing and
LR prediction modeling. This model is accessible for external use
and validation on request.
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The normalized distances from the hot spot of radiotracer uptake
(SUVmax) to the tumor centroid (NHOC) and to the tumor perimeter
(NHOP) have recently been suggested as novel PET features reflecting
tumor aggressiveness. These biomarkers characterizing the shift of
SUVnax toward the lesion edge during tumor progression have been
shown to be prognostic factors in breast and non-small cell lung can-
cer (NSCLC) patients. We assessed the impact of imaging parameters
on NHOC and NHOP, their complementarity to conventional PET fea-
tures, and their prognostic value for advanced-NSCLC patients.
Methods: This retrospective study investigated baseline ['®F]FDG
PET scans: cohort 1 included 99 NSCLC patients with no treatment-
related inclusion criteria (robustness study); cohort 2 included 244
NSCLC patients (survival analysis) treated with targeted therapy (93),
immunotherapy (63), or immunochemotherapy (88). Although 98% of
patients had metastases, radiomic features including SUVs were
extracted from the primary tumor only. NHOCs and NHOPs were
computed using 2 approaches: the normalized distance from the
localization of SUVmax 0or SUVeak to the tumor centroid or perimeter.
Bland-Altman analyses were performed to investigate the impact of
both spatial resolution (comparing PET images with and without
gaussian postfiltering) and image sampling (comparing 2 voxel sizes)
on feature values. The correlation of NHOCs and NHOPs with other
features was studied using Spearman correlation coefficients (r). The
ability of NHOCs and NHOPs to predict overall survival (OS) was esti-
mated using the Kaplan—Meier method. Results: In cohort 1, NHOC
and NHOP features were more robust to image filtering and to resam-
pling than were SUVs. The correlations were weak between NHOCs
and NHOPs (r = 0.45) and between NHOCs or NHOPs and any other
radiomic features (r = 0.60). In cohort 2, the patients with short OS
demonstrated higher NHOCs and lower NHOPs than those with long
0OS. NHOC:s significantly distinguished 2 survival profiles in patients
treated with immunotherapy (log-rank test, P < 0.01), whereas
NHOPs stratified patients regarding OS in the targeted therapy
(P = 0.02) and immunotherapy (P < 0.01) subcohorts. Conclusion:
Our findings suggest that even in advanced NSCLC patients, NHOC
and NHOP features pertaining to the primary tumor have prognostic
potential. Moreover, these features appeared to be robust with
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ProMISING BIOMARKERS FOR PET IMAGING  *

respect to imaging protocol parameters and complementary to other
radiomic features and are now available in LIFEx software to be inde-
pendently tested by others.

Key Words: ['®F]FDG PET; lung cancer; oncology; immunotherapy;
radiomics
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Among radiomic features derived from PET images, those
reflecting the geometric characteristics of the metabolically active
part of a tumor might have some prognostic value for survival.
For instance, asymmetric and irregular tumor shapes on PET
appear to be associated with high-grade neoplasms and thus with
poor survival (/,2). Moreover, geometry-based features have been
shown to be robust to imaging protocol parameters (3), which is
an asset for translation in clinical settings. Recently, the normal-
ized distance between the hot spot of radiotracer uptake (SUV pay)
and the tumor centroid (NHOC) has been introduced as a novel
PET feature by Jiménez-Sanchez et al. (4), based on a mathematic
model of solid-tumor growth. This model suggested that the maxi-
mum metabolic activity of a tumor (reflected by SUV ., in a PET
image) is expected to increase and to move toward the lesion edge
as the tumor grows. Another feature for evaluating the change in
intratumor heterogeneity, called normalized SUV ., to perimeter
distance (nSPD), has been proposed by Jiménez Londono et al.
(5), defined as the normalized closest distance between the maxi-
mum metabolic activity location (SUV,,,,) and the tumor perime-
ter (NHOP). Both NHOC and nSPD were proposed as hallmarks
of tumor aggressiveness. They were demonstrated to be associated
with worse outcome in breast and advanced non—small cell lung
cancer (NSCLC) patients, outperforming the conventional PET
features such as SUVs (5). Originally, the nSPD was defined on
the axial slice of the tumor that included the voxel with maximum
activity (5). In our study, we computed NHOP considering the
tumor in 3 dimensions to make it more comparable to NHOC.

The goal of the present study was thus to evaluate the robust-
ness of NHOC and NHOP to image characteristics such as spatial
resolution and voxel size, to determine their correlation with con-
ventional PET features, and to evaluate their prognostic value in
predicting survival in NSCLC patients.

Hovhannisyan-Baghdasarian et al. 635



MATERIALS AND METHODS

Patient Cohorts

The study was conducted in accordance with the Declaration of
Helsinki and approved by the ethical board of Institut Curie, France
(approval DATA200130) with a waiver of informed consent through
the no-objection rule.

This retrospective study included 2 cohorts of a total of 343 patients
with advanced, metastatic NSCLC treated at our institute between
2009 and 2021, who had undergone baseline ['*F]JFDG PET/CT
before treatment initiation. The first cohort was used to analyze the
robustness of NHOC and NHOP with respect to imaging parameters,
whereas the second cohort was used to assess the performance of the
features in predicting overall patient survival. Cohort 1 consisted of 99
patients, with no selection criteria regarding their subsequent treat-
ment. Cohort 2 consisted of 244 patients and included 3 subcohorts of
patients treated with either targeted therapy, namely tyrosine kinase
inhibitors for epithelial growth factor receptor—mutated patients (93),
or immunotherapy, namely pembrolizumab (alone or in combination
with chemotherapy, 63 and 88, respectively). The inclusion criteria
were as follows: baseline ['*F]JFDG PET/CT scan available in the
PACS, detectability of primary lesion on the PET scan, and at least
1-y follow-up of the patient. For all patients, survival data were
retrieved. Patient characteristics such as age, sex, histologic subtype,
and stage are summarized in Table 1.

Image Database and Image Processing

The ['8F]FDG PET/CT scans were acquired at different centers
using 13 scanners from different vendors (Supplemental Table 1; sup-
plemental materials are available at http://jnm.snmjournals.org). The
volume of interest (VOI) encompassing the primary tumor was defined
on the axial views of the PET scan by an experienced nuclear medi-
cine physicist (8 y of experience) under the supervision of a nuclear
medicine physician (10y of experience). The metabolically active vol-
ume of the lesion was delineated automatically using a threshold set to
40% of SUV,.x. A morphologic closing operation was applied to
include internal necrotic areas in the VOI if necessary. To investigate
the impact of tumor delineation on NHOC and NHOP and radiomic

TABLE 1
Patient Characteristics

Characteristic Cohort 1 Cohort 2
Number of patients

Total 99 244

Male 55 (56%) 122 (50%)

Female 44 (44%) 122 (50%)
Age (y)

Mean + SD 66.3+10.2 65.4+10.1

Range 35-86 35-87
NSCLC subtype

Adenocarcinoma 58 (58%) 196 (80%)

Squamous cell carcinoma 28 (28%) 24 (10%)

Other 13 (13%) 24 (10%)
Stage

1] 50 (51%) 5 (2%)

Vi 49 (49%) 239 (98%)

Data are number with percentage in parentheses, except for age.
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feature values, 30 scans randomly chosen from cohort 1 were seg-
mented independently by a second observer (with 10y of experience).
All images were resampled to a fixed 4 X 4 X 4mm voxel size, and
the intensity was discretized with a fixed bin width of 0.31 SUV and
192 gray levels between 0 and 60 SUV (6). Thirteen features were
then extracted from the VOI, including 6 conventional PET features
(SUVmax, SUV e [SUV within a 1 cm’ sphere with maximum aver-
age uptake (7)], SUViean, SUVin, metabolic tumor volume [MTV],
and total lesion glycolysis), along with a shape feature (sphericity) and
6 textural features (joint entropy logl0, inverse difference moment,
short run emphasis, long run emphasis, low gray-level zone emphasis,
and high gray-level zone emphasis) (definitions available at https://
www.lifexsoft.org/index.php/resources/documentation). These indices
were previously identified (8) as not strongly correlated features and
were found to be the most robust with respect to tumor segmentation
method. In addition, NHOCs and NHOPs were computed using 2
approaches: the distance from the localization of SUV ;5 or SUV car
to the tumor centroid (and perimeter, respectively) divided by the
radius of a hypothetical sphere having the same volume as the tumor,
thus yielding dimensionless quantities: maximum NHOC (NHOC ,,5),
peak NHOC (NHOC,¢a), maximum NHOP (NHOP,,,,), and peak
NHOP (NHOP,,5) (Supplemental Fig. 1).

For the robustness study using cohort 1, 2 other sets of PET images
were generated to evaluate the effects of spatial resolution and voxel
size on image-derived features. The first set was obtained by postfilter-
ing (gaussian, SD [o] of 2, 3, and 4 mm; corresponding to a full width
at half maximum of approximately 5, 7, and 9 mm, respectively) the
original images of cohort 1. The second set was obtained by resam-
pling the original images of cohort 1 to a 2 X2 X 2mm fixed voxel
size. Cohort 2 was used for survival analyses. If the VOI was too
small (diameter < 12mm), SUV ., and therefore NHOC ., and
NHOP,,4 could not be calculated and were replaced by SUV ;. and
by NHOC,,,.x and NHOP,,, respectively. Additionally, to investigate
the impact of necrotic foci on NHOCs and NHOPs and other radiomic
feature values, all 244 lesions of cohort 2 were labeled as necrotic or
nonnecrotic using visual assessment of PET images by an experienced
nuclear medicine physicist under the supervision of a nuclear medicine
physician.

Image processing, tumor segmentation, and feature extraction were
performed with LIFEx (version 7.4.0, www.lifexsoft.org) (9), which is an
Image Biomarker Standardisation Initiative—compliant software (10).

Statistical Analysis

Statistical analyses were conducted using R software (R Core Team
2021).

For the robustness study, before-and-after comparison analyses
were performed using the Bland—Altman method with 95% limits of
agreement (£1.96 SDs) to investigate the impact of spatial resolution
(with vs. without postfiltering) and voxel size (2 X2 X 2mm vs.
4 X 4 X 4mm) on NHOCs, NHOPs, and SUVs.

To characterize the correlations between features, the Spearman
rank correlation coefficient () was computed between each pair of
features.

The impact of tumor delineation on radiomic feature values was
assessed using the 30 lesions segmented by 2 observers, by calculating
the intraclass correlation coefficient based on the 1-way model with
agreement-type and single-score settings.

The ability of NHOCs, NHOPs, and other radiomic features to
predict overall survival (OS) was investigated using Kaplan—Meier
analysis, where the duration of follow-up was defined as the time
between the pretreatment PET scan and the date of death or last
day of follow-up. The significance of differences between survival
curves was assessed by log-rank testing, with a P value of less than
0.05 defined as statistically significant. The stratification involved the
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maximally selected rank statistics methodology, which assesses
2-sample rank statistics of all possible cutoffs and selects the optimal
one. The Harrell C-index was also used to evaluate the ability of each
feature to predict survival. The relevant predictors after Kaplan—-Meier
analysis were further combined in pairs for multivariable analysis, where
3 risk categories were defined on the basis of whether the feature’s high
or low value was associated with good or poor outcome (e.g., high MTV
associated with worse survival). The pairwise comparisons between sur-
vivals of the risk groups were calculated using log-rank tests, including
the Benjamini—-Hochberg method for P value adjustment.

The impact of the presence of visible necrosis on PET images on
NHOCs and NHOPs and other imaging features was evaluated by
Wilcoxon rank testing by comparing feature values between tumors
with and without necrotic cores. Moreover, we compared the survival
prediction accuracy based on log-rank testing with and without the
necrosis included in the tumor region, that is, no morphologic closing
operation applied after thresholding.

RESULTS

The statistical distribution of the NHOCs and NHOPs is shown
in Table 2 and compared with those of the other 13 features.
According to MTV, the tumor size ranged from 0.3 to 1,019.6 cm’.
The mean values were 0.62 (range, 0.09-1.83) for NHOC,,,,y, 0.54
(range, 0.04-1.83) for NHOCc, 0.26 (range, 0.05-1.26) for
NHOP,,, and 0.27 (range, 0.05-0.63) for NHOP ¢4y

Robustness Study

In cohort 1, Bland—Altman analysis showed that NHOCs were
little affected by image postfiltering (mean difference of —0.12 for
NHOC .« and —0.09 for NHOC,c.x, With the greatest smoothing
with a 0 of 4mm [Fig. 1]; similar results with smaller filter sizes
[Supplemental Figs. 2 and 3]) and even less by the voxel size
(mean difference of 0.02 and 0.003, respectively [Supplemental
Fig. 4]). The mean difference was only 0.03 for both NHOP,,,

and NHOP,,., when the postfiltering was applied (o of 4 mm) and
was —0.02 and —0.07, respectively, when the voxel size was var-
ied. For both features, the measurements based on SUV,,,x dem-
onstrated greater variability (larger CI) than those based on
SUVyeak- For comparison purposes, SUV o and SUV . were
more affected by postfiltering and voxel size than the NHOC and
NHOP features, with increasing systematic differences observed
for greater SUVs (Supplemental Figs. 2-5).

Comparing feature values obtained for VOIs drawn by 2 obser-
vers, the reproducibility was excellent (intraclass correlation coef-
ficient = 0.8) for NHOCs and NHOPs and for most features
(Supplemental Table 2).

As illustrated in the correlogram (Fig. 2), NHOCs and NHOPs
did not correlate strongly with any of the other features, with cor-
relations always less than 0.60 and 0.30 in absolute value for
NHOCs and NHOPs, respectively. The correlations between
NHOCs and NHOPs did not exceed 0.45.

Survival Analysis

Among the 244 patients included in cohort 2, SUV .y and
therefore NHOC ¢, and NHOP., could be calculated in 218
(89%) and were replaced by SUV,.« and by NHOC,,, and
NHOP,,,,«, respectively, in the remaining 26 patients, who had a
primary tumor less than 12 mm in largest diameter.

NHOC:s identified 2 survival profiles in patients treated with
immunotherapy only (P value of log-rank test < 0.01; cutoffs,
0.79 for NHOC,,.x and 0.50 for NHOC,,.4 [Fig. 3; Table 3]). In
the other 2 subcohorts, the distinction of patients with low and
high OS did not reach significance. NHOPs significantly distin-
guished long- from short-OS patients in the targeted therapy and
immunotherapy groups (Table 3). The highest C-index for NHOCs
and NHOPs was 0.58 for NHOC,,y, 0.61 for NHOC,¢a, 0.57 for
NHOP,,,x, and 0.59 for NHOP,,.,« (Table 3). For other features,
the greatest observed C-indexes were for MTV (0.62) and for

TABLE 2

Statistical Distribution of Features for Cohort 2 (n = 244 Patients)
Variable Mean SD Range
SUVnin 3.8 2.6 0.0-17.0
SUVmax 13.3 7.2 1.8-51.8
SUVpeak 11.4 6.1 2.6-40.0
SUVnean 7.5 4.1 1.2-30.9
NHOC ax 0.615 0.290 0.087-1.833
NHOCcak 0.538 0.292 0.042-1.833
NHOP yax 0.255 0.155 0.049-1.264
NHOPeax 0.271 0.131 0.053-0.628
MTV (cm3) 57.1 112.0 0.3-1019.6
Total lesion glycolysis 396.9 810.2 0.9-8557.9
Sphericity 0.763 0.110 0.320-0.903
Joint entropy log10 3.586 0.332 2.874-4.189
Inverse difference moment 0.040 0.024 0.014-0.227
Short run emphasis 0.992 0.007 0.935-1.000
Long run emphasis 1.034 0.041 1.000-1.462
Low gray-level zone emphasis 0.010 0.010 0.000-0.049
High gray-level zone emphasis 7,374.3 2,228.4 1,338.7-13,788.2
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FIGURE 1. Bland-Altman plots for cohort 1, showing concordance between feature values extracted from PET images (4-mm voxel size) before

(suffix _nofilter on the graphs) and after gaussian postfiltering (0 = 4 mm, suffix _gauss) for NHOC,ax (A), NHOCcak (B), NHOP 4 (C), and NHOP 6
(D). Limits of agreement (95%) are shown as dotted red lines, and bias is shown as solid black line. Numbers in top-left corner of each graph correspond

to number of measurements available.

sphericity (0.69), both in the immunotherapy group. Supplemental
Figure 6 shows the results for NHOC,,,,, NHOP, .., MTV, and
sphericity, where for each feature the survival curves of the 3
treatment groups are overlaid on a single graph using the same
cutoff (0.80 for NHOC p,x, 0.37 for NHOP, ., 30.4 cm?® for MTV,
and 0.73 for sphericity). For each feature, the common cut point
was determined according to the optimal separation between
patients concerning long and short OS when considering all
patients of cohort 2 regardless of their treatment. In multivariable
analysis, none of the feature combinations significantly distin-
guished the survival distributions of the patients according to 3
risk categories (Supplemental Table 3). Nevertheless, better inter-
category distinction was observed in the immunotherapy group
with the combination of NHOC,,,,/NHOP,,,,. and sphericity, for
instance (Supplemental Fig. 7).

As reported in Supplemental Table 4, the lesions labeled as
necrotic (68/244, 28%) or nonnecrotic based on visual evaluation
of PET images yielded significantly different values (Wilcoxon
test) for all features except SUV pean, sphericity, inverse difference
moment, short run emphasis, long run emphasis, low gray-level
zone emphasis, and high gray-level zone emphasis. The lesions
with a necrotic core exhibited higher NHOCs and lower NHOPs
than those without necrosis (Supplemental Fig. 8). This is illus-
trated in Figure 4, which shows representative PET/CT scans of
tumors with different NHOCs and NHOPs. However, the accuracy
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of survival predictions with NHOCs and NHOPs was little
affected by exclusion of the necrotic areas in the tumor VOlIs
(Supplemental Fig. 9; Fig. 3; Supplemental Table 5).

DISCUSSION

Several imaging features, such as SUV and MTV, are widely
studied for the management of cancer patients (//,/2). More
sophisticated radiomic features are also extensively investigated
and considered for inclusion in classification, prognostic, and pre-
dictive models. However, none of the advanced imaging features
has yet gained wide acceptance, partly because of their challenging
intuitive interpretation and lack of easy-to-understand reference
values. NHOC and nSPD are recently introduced model-informed
PET metrics, characterizing the drift of highly proliferative cells
toward the tumor periphery (4,5), which can thus be related to
tumor growth, and are easy to calculate and to interpret. They were
defined as the distance from the localization of the ['*F]FDG hot
spot to the tumor centroid or perimeter. To avoid the size depen-
dence of these metrics, they were divided by the radius of a hypo-
thetical sphere having the same volume as the tumor. Although
their prognostic value has been demonstrated in breast cancer and
NSCLC (4,5), to the best of our knowledge, they have not been
confirmed yet in any independent study. Therefore, the current
study first investigated the sensitivity of NHOC and NHOP (the
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FIGURE 2. Correlogram from cohort 1, showing absolute Spearman correlation coefficient
between each pair of radiomic features. Rectangles are generated on graph according to hierarchic
clustering. HighGrayZoneEmph = high gray-level zone emphasis; InvDiffMoment = inverse differ-
ence moment; JointEntropyLog10 = joint entropy log10; LongRunEmph = long run emphasis; Low-
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lesion glycolysis.

3-dimensional [3D] version of the nSPD feature) to image spatial
resolution, spatial sampling, and tumor delineation and then studied
their prognostic value in independent cohorts of NSCLC patients.

For each biomarker, 2 measurement approaches were used:
NHOC a5, as initially modeled and reported by Jiménez-Sanchez
et al. (4), and NHOC e, as introduced by Jiménez Londono et al.
(5). NHOP,,,,« is a 3D surrogate of the already reported feature
(5), and NHOP,,, is an alternative of the SUV ,,,-based NHOP
measurement. Because NHOC,e,x and NHOP,., calculations
require the tumor to be larger than 1 cm?® so that SUV,eak can be
calculated, they were replaced by NHOC,,., and NHOP,,,, for
tumors less than 12 mm in diameter.

Our results showed that NHOCs and NHOPs varied less with spa-
tial resolution and image sampling than did SUV . and SUV .
Given that both SUV/ ;5 and SUV ¢ are widely used although they
are known to depend on image properties, our results suggest that
NHOCs and NHOPs are usable even in multicenter studies, where
the image quality often varies, and will not be strongly affected by
imaging conditions. Another limiting issue with novel radiomic fea-
tures is that they often correlate closely with existing ones, hence
not bringing clear complementary information. We thus checked
whether NHOCs and NHOPs correlated with existing features, in
particular with shape features, as they can be seen as geometric
features (Supplemental Fig. 1). The correlation analysis demon-
strated that NHOCs and NHOPs correlated strongly with neither
sphericity (» = 0.60) nor with conventional PET features such as
SUV (r = 0.35) and MTV (r = 0.57) or textural features (r =

ProMISING BIOMARKERS FOR PET IMAGING  *

ture (5)), facilitating their interpretation.
No direct comparison could be made
between reported nSPDs and our NHOPs
because of differences in the definition of
distance to perimeter (2-dimensional vs. 3D).
For comparison purposes, the maximum
nSPDs were similar in the present and previ-
ous (5) research, with mean values of 0.26 £ 0.16 and 0.40 = 0.12,
respectively. However, for tumor characterization we recommend the
3D approach (NHOP) to be consistent with the NHOC feature.

The differences in the cohorts in the previous (4,5) and present
studies are major, preventing meaningful comparisons of feature
values. Indeed, the 2 published studies included only surgically
treated patients with different adjuvant treatment regimens,
whereas in our study the patients of cohort 2 were not operable
and were treated using various approaches. Moreover, the dataset
of Jiménez-Sanchez et al. () was based on inclusion criteria (e.g.,
a tumor size of at least 2 cm, absence of distant metastases, and a
tumor SUV twice higher than background SUV) different from
ours (detectability of the primary tumor on the PET images).

In survival analysis, the patients with higher NHOCs had
shorter OS than those with lower NHOCs. Inversely, patients with
lower NHOPs were associated with worse survival (except for
NHOP,,¢, in the immunochemotherapy subcohort, for which the
P value was 0.043 [Table 3]). These results are consistent with
those of the previous studies. Jiménez-Sanchez et al. (4) reported
an NHOC ., of 0.64 as the best cutoff to identify 2 survival pro-
files, which led to a C-index of 0.75 for OS. Here, a very similar
cutoff (0.61) was obtained in the immunochemotherapy group,
which, however, did not reach statistical significance in distinguish-
ing patient survival, with the C-index result substantially lower in
the present study (0.54 vs. 0.75). A higher cutoff of NHOC .«
(0.79) stratified patients regarding OS in the immunotherapy group.
Jiménez Londono et al. (5) investigated NHOC, ., instead of
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FIGURE 3. Kaplan-Meier OS curves with best cutoffs for NHOC,,,.x and NHOP . for patients trea-
ted by targeted therapy (A and B), immunochemotherapy (C and D), and immunotherapy only (E and

F), based on baseline ['®FJFDG PET scans.

NHOC,ax, With higher values of NHOC,cc (0.39 +0.21) being
significantly associated with short-term mortality, defined as OS of
less than 36mo. In our study, an NHOC,,¢ac of 0.50 significantly
distinguished long- from short-OS patients in the immunotherapy
group with a median follow-up of 24.2 mo. Jiménez Londono et al.
have also investigated nSPD as an alternative approach for measur-
ing the displacement of the ['*F]FDG hot spot (SUV ) from the
center of the tumor to its periphery. This biomarker was reported as
a significant prognostic factor for OS (a lower nSPD was signifi-
cantly associated with short-term mortality) and correlated strongly
with tumor histologic type and TNM stage. In the present study, we
introduced the 3D surrogate of this biomarker, NHOP,,,, and its
other variant, NHOP,,.,. Optimized cutoffs enabled patient stratifica-
tion as a function of their OS with NHOP,,,,x and NHOP,,. in the
targeted therapy and immunotherapy groups. As a supplement,
we considered C-index and OS estimates with the nSPD approach.
Even if its prediction performances were similar with NHOP in all
therapy groups (C-index, 0.51-0.57 for NHOP,,,x and 0.53-0.58 for

640

Our study had limitations. We investigated
the prognostic value of NHOCs and NHOPs
calculated in the primary tumor only,
whereas 98% of patients had metastases.
However, the results suggest that even in advanced-stage NSCLC
patients, NHOC and NHOP features pertaining to the primary tumor
have some prognostic value. Combining the NHOCs and NHOPs of
the primary tumor with patient-level features such as total whole-body
MTV and maximal distance between tumor foci—2 widely investi-
gated whole-body radiomic features (/4,15)—is under way. The mini-
mal tumoral volume needed for meaningful measurement of these
features should also be investigated to avoid the partial-volume effect
related to spatial resolution and respiratory motion.

Finally, further studies are needed to determine the added value
of NHOCs and NHOPs for different types of cancer and clinical
questions of interest, as well as for tracers different from
['8F]FDG. The dynamic changes in NHOCs and NHOPs could
also be worth studying, as such changes may have the potential to
predict treatment response. To encourage the PET community to
reproduce our findings and to investigate NHOCs and NHOPs
under various conditions, both biomarkers are now offered as
additional radiomic features in the free LIFEx software (9).
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n_ _ — Sphericity 0.87

NHOCmax 0.37
NHOPmax 0.22
SUVmax 16.1
MTV (cm3) 82.6
Spherici 0.73
NHOCmax 0.95
NHOPmax 0.16
SUVmax 11.9
MTV (cm?) 99.7
Spherici 0.83
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0.27
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SUVmax 26.9
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FIGURE 4. Examples of tumor and corresponding feature values on [18FJFDG PET/CT coronal, sagittal, and axial slices from patients with different
survivals: 17.6 mo (A), 35.1 mo (B), and alive at 49.8 mo (C). Position of hottest voxel is indicated with asterisk.

CONCLUSION

We validated the prognostic value of NHOC extracted from
baseline ['®F]FDG PET images of patients with NSCLC, indepen-
dently of the original work of Jiménez-Sanchez et al. (4). We
introduced the 3D surrogate of nSPD originally proposed by
Jiménez Londono et al. (5). Our findings confirmed the prognostic
potential of NHOC and NHOP features when pertaining to the pri-
mary tumor in NSCLC patients. The prognostic significance of
NHOC was obvious in the immunotherapy-treated patients (high
NHOC associated with short OS), whereas low NHOP was associ-
ated with poor survival in the targeted therapy and immunotherapy
groups. We demonstrated the robustness of NHOCs and NHOPs
to postfiltering and voxel size resampling and their complementar-
ity to SUVs, MTV, total lesion glycolysis, sphericity, and other
commonly reported texture features. We encourage the PET com-
munity to include NHOCs and NHOPs in their PET image analy-
sis to further evaluate their relevance for tumor characterization.
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Deep Semisupervised Transfer Learning for Fully Automated
Whole-Body Tumor Quantification and Prognosis of Cancer

on PET/CT

Kevin H. Leungl, Steven P. Rowe?, Moe S. Sadaghianil, Jeffrey P. Leal!, Esther Mena®, Peter L. Choyke3 , Yong Du!, and

Martin G. Pomper’

! Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins University School of Medicine, Baltimore,
Maryland; *Department of Radiology, University of North Carolina at Chapel Hill School of Medicine, Chapel Hill, North Carolina;
and 3Centerfor Cancer Research, National Cancer Institute, Bethesda, Maryland

Automatic detection and characterization of cancer are important clini-
cal needs to optimize early treatment. We developed a deep, semisu-
pervised transfer learning approach for fully automated, whole-body
tumor segmentation and prognosis on PET/CT. Methods: This retro-
spective study consisted of 611 '®F-FDG PET/CT scans of patients
with lung cancer, melanoma, lymphoma, head and neck cancer, and
breast cancer and 408 prostate-specific membrane antigen (PSMA)
PET/CT scans of patients with prostate cancer. The approach had a
nnU-net backbone and learned the segmentation task on "®F-FDG and
PSMA PET/CT images using limited annotations and radiomics analy-
sis. True-positive rate and Dice similarity coefficient were assessed to
evaluate segmentation performance. Prognostic models were devel-
oped using imaging measures extracted from predicted segmentations
to perform risk stratification of prostate cancer based on follow-up
prostate-specific antigen levels, survival estimation of head and neck
cancer by the Kaplan—Meier method and Cox regression analysis, and
pathologic complete response prediction of breast cancer after neoad-
juvant chemotherapy. Overall accuracy and area under the receiver-
operating-characteristic (AUC) curve were assessed. Results: Our
approach yielded median true-positive rates of 0.75, 0.85, 0.87, and
0.75 and median Dice similarity coefficients of 0.81, 0.76, 0.83, and
0.73 for patients with lung cancer, melanoma, lymphoma, and prostate
cancer, respectively, on the tumor segmentation task. The risk model
for prostate cancer yielded an overall accuracy of 0.83 and an AUC
of 0.86. Patients classified as low- to intermediate- and high-risk
had mean follow-up prostate-specific antigen levels of 18.61 and
727.46 ng/mL, respectively (P < 0.05). The risk score for head and
neck cancer was significantly associated with overall survival by uni-
variable and multivariable Cox regression analyses (P < 0.05). Predic-
tive models for breast cancer predicted pathologic complete response
using only pretherapy imaging measures and both pre- and postther-
apy measures with accuracies of 0.72 and 0.84 and AUCs of 0.72 and
0.76, respectively. Conclusion: The proposed approach demonstrated
accurate tumor segmentation and prognosis in patients across 6 can-
cer types on '8F-FDG and PSMA PET/CT scans.

Key Words: deep learning; semisupervised transfer learning; PET/CT;
tumor segmentation; cancer prognosis
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AuTOoMATED PET/CT TUMOR QUANTIFICATION ~ *

Cancer is a worldwide health concern and the second leading
cause of death in the United States, with approximately 2 million
projected cases in 2023 (7). Prostate, breast, lung, melanoma, lym-
phoma, and oral cavity and pharyngeal cancers were among the
leading types of new estimated cases (/). Delays in cancer diagno-
sis and treatment were associated with increased mortality for sur-
gical, chemotherapeutic, and radiotherapeutic modalities and may
lead to increased advanced-stage disease (2).

Quantitative measures of molecular tumor burden on '3F-FDG
and prostate-specific membrane antigen (PSMA) PET/CT are
prognostic biomarkers (3). However, manual tumor quantification
by radiologists is time-consuming, laborious, and subject to inter-
and intrareader variability (4). Generalizable approaches for auto-
mated PET/CT tumor quantification are an important clinical need
for early detection and treatment of cancer.

Radiomics performs high-throughput extraction of quantitative
engineered features of malignant tumors from radiologic data (4).
Deep learning methods automatically extract features from input
images to model medical endpoints directly and require large
training datasets with physician-defined annotations (4). Addition-
ally, manual tumor delineation is not easily scalable, especially for
patients with a high tumor burden. Manual delineation is further
impacted by interobserver variability because of differences in
levels of reader experience. Lastly, deep learning models for
PET/CT are often developed for specific radiotracers, limiting
their general applicability.

We developed a deep, semisupervised transfer learning
(DeepSSTL) approach for fully automated whole-body tumor seg-
mentation and prognosis on '8F-FDG and PSMA PET/CT scans
using limited annotations. Radiomics features and whole-body imag-
ing measures were extracted from predicted segmentations to build
prognostic models for risk stratification, overall survival analysis,
and prediction of response to therapy. Our approach demonstrated
robust performance across patients with melanoma; lymphoma; and
prostate, lung, head and neck, and breast cancers and may help alle-
viate physician workload for whole-body PET/CT tumor analysis.

MATERIALS AND METHODS

This retrospective study was approved by the Johns Hopkins institu-
tional review board with a waiver for obtaining informed consent.
Deidentified data were collected, in part, from The Cancer Imaging
Archive (5).
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Semisupervised Transfer Learning

A semisupervised transfer learning framework was developed to
learn the whole-body tumor segmentation task using limited manual
tumor annotations. The approach jointly optimized a nnU-net back-
bone, an automatically self-configuring deep learning framework (6),
across source and target domains of 'SF-FDG and PSMA PET/CT
images with complete and incomplete annotations comprising fully and
partially labeled manual segmentations, respectively. The DeepSSTL
approach performed domain adaptation on '|F-FDG and PSMA
PET/CT while iteratively improving segmentation performance.

Data

Data from 1,019 patients with cancer with PET/CT scans across 5
datasets and 6 cancer types were used. Patient demographics are pro-
vided in Table 1.

Datasets 1 and 2 included '®F-DCFPyL PSMA PET/CT scans of
prostate cancer patients. Dataset 1 had 270 patients with incomplete
manual segmentations (Fig. 1), with PSMA reporting and data system
(PSMA-RADS) scores of 1-5 being assigned to segmented lesions
and overall scans indicating the likelihood of prostate cancer (7). Data-
set 2 had Gleason scores, initial serum prostate-specific antigen (PSA)

TABLE 1
Patient Characteristics
Characteristic Data Characteristic Data
Dataset 1* Dataset 3"
Age (y) (mean * SD) 65.67 = 7.97 Age (y) (mean * SD) 60.11 = 16.51
Sex Sex
Men 270 Men 290
Women 0 Women 211
Overall PSMA-RADS score Dataset 4*
NA 12 Age (y) (mean = SD) 62.47 + 7.78
1 3 Sex
2 24 Men 62
3 63 Women 12
4 48 AJCC stage
5 120 | 14
Dataset 2* Il 5
Age (y) (mean + SD) 66.46 + 7.35 11l 13
Sex 1\ 42
Men 138 Surgery
Women 0 No 70
Gleason score Yes 4
NA 2 Chemotherapy
=6 11 No 61
7 43 Yes 13
8 29 Radiotherapy time (d) 37 (31-47)
9 44 Dataset 5°
10 9 Age (y) (mean = SD) 48.69 + 10.33
Initial PSA level (ng/mL) 6.38 (0.02-5,000.00) Sex
Follow-up PSA level (ng/mL) 2.24 (0.00-7,270.00) Men 0
PSA doubling time (mo) 5.20 (0.23-81.70) Women 36
Post-PSMA PET therapy Pathologic response
NA 37 pCR 10
None 7 Non-pCR 26
Local 18
Systemic androgen-targeted 56
Systemic and cytotoxic 20

*Prostate cancer.

TLung cancer, melanoma, and lymphoma.
*Head and neck cancer.

SBreast cancer.

NA = not applicable.

Qualitative data are number; continuous data are median and range, except for age.
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FIGURE 1. Incomplete manual tumor segmentations compared with

predicted segmentations on maximum-intensity projections of PSMA PET
scans of 6 patients with prostate cancer.

levels, follow-up PSA levels, PSA doubling times, and post-PSMA
PET/CT therapies for 138 patients with no tumor annotations.

Datasets 3—5 consisted of '*F-FDG PET/CT scans from The Cancer
Imaging Archive. Dataset 3 had complete manual tumor annotations
for 168, 188, and 145 patients with lung cancer, melanoma, and lym-
phoma, respectively (8). Dataset 4 had clinical information on overall
staging (by the cancer staging manual of the American Joint Commit-
tee on Cancer [AJCC], seventh edition), surgery, chemotherapy, radio-
therapy duration, and overall survival for 74 head and neck cancer
patients with no tumor annotations (9). Dataset 5 had longitudinal
scans of 36 breast cancer patients undergoing neoadjuvant chemother-
apy (10). Pre- and posttherapy scans were acquired for 36 and 25
patients, respectively, with no tumor annotations. Pathologic complete
response (pCR) was defined as the absence of invasive cancer in the
breast or lymph nodes at definitive surgery. Non-pCR was defined as
residual invasive cancer or disease progression.

Datasets 1 and 3 were used to cross-validate the segmentation task
via 5-fold cross-validation. Datasets 2, 4, and 5 were used for external
testing and prognostic model development.

Tumor Quantification

Tumor detection and segmentation were evaluated on a lesionwise
and voxelwise basis. True-positive rate, positive predictive value, Dice
similarity coefficient, false-discovery rate, true-negative rate, and neg-
ative predictive value were assessed. Tumor detection performance
was compared with that of models trained only on '*F-FDG or PSMA
PET/CT images. Imaging measures, including molecular tumor vol-
ume (MTV), total lesion activity (TLA), number of lesions, SUV can,
and SUV,,,.x, were quantified from predicted segmentations.

Radiomics Analysis

We used the Standardized Environment for Radiomics Analysis based
on the Image Biomarker Standardization Initiative (/7). First-order statis-
tical and higher-order textural features, including morphology, intensity,
intensity histogram, intensity volume histogram, cooccurrence matrix,
run length matrix, size zone matrix, distance zone matrix, and neighbor-
hood gray tone difference matrix, were extracted and redundant features
were removed. In total, 397 radiomics features were calculated from
PET/CT volumes of interest. Radiomics classifiers using random forest
detected true-positive volumes of interest via 10-fold cross-validation
(12). Overall accuracy and receiver-operating-characteristic analysis were
assessed.

AuToMATED PET/CT TuMOR QUANTIFICATION  *

Risk Stratification

A risk model for prostate cancer was developed using the extracted
whole-body imaging measures. Initial PSA levels of less than
10ng/mL, 10-20ng/mL, or more than 20ng/mL were assigned to
low-, intermediate-, or high-risk groups, respectively (/3). The risk
model used random forest to classify low- to intermediate- versus
high-risk via 10-fold cross-validation. Risk predictions and Gleason
scores were combined; patients who were predicted as high-risk, with
Gleason scores of at least 8, were considered high-risk. Patients pre-
dicted as low-risk, with Gleason scores of 7, and patients with Gleason
scores of 6 or lower were considered low-risk. Other cases were
intermediate-risk. Overall accuracy, area under the receiver-operating-
characteristic (AUC) curve, follow-up PSA levels, and PSA doubling
times were assessed.

Survival Analysis

A risk score for head and neck cancer incorporated imaging mea-
sures and AJCC staging. Imaging measures in the lower quartile, within
the interquartile range, or in the upper quartile were assigned 0, 1, or 2
points, respectively. AJCC stages 1, 11, or III-IV were assigned 0, 1, or
2 points, respectively. Points were summed to yield a risk score ranging
from 0 to 12. Patients with a risk score of 0, 1-9, and 10-12 were con-
sidered low-, intermediate-, and high-risk, respectively. Overall survival
was estimated by the Kaplan-Meier method, with groups being com-
pared by the log-rank test (/4). Univariable and multivariable Cox
regression models were assessed. The Harrell C-index was evaluated.

Treatment Response Prediction

Imaging measures were extracted and assessed for both pre- and
posttherapy scans of breast cancer patients undergoing neoadjuvant
chemotherapy. Decision tree classifiers predicted pCR via leave-one-
out cross-validation using pre- and posttherapy imaging measures.
Overall accuracy, AUC, area under the precision-recall curve, true-
positive rate, positive predictive value, true-negative rate, and negative
predictive value were assessed.

Statistical Assessment

Normality was assessed by the Shapiro—Wilk test. Statistical signifi-
cance was assessed using the Wilcoxon signed-rank test, Wilcoxon
rank-sum test, and McNemar test when comparing paired, unpaired,
and binary observations, respectively. A P value of less than 0.05 was
used to infer significant differences. The Benjamini—-Hochberg method
was used for multiple comparisons. Spearman rank correlation coeffi-
cients (p) were quantified. Receiver-operating-characteristic curves
with 95% Cls were computed with 1,000 bootstrap samples. Optimal
thresholds were determined by receiver-operating-characteristic analy-
sis using the Youden index. Analyses were conducted with MATLAB
(2023b) and Python (3.10.5). The approach was implemented with
PyTorch (1.12.0) using an NVIDIA A6000 GPU.

RESULTS

Tumor Quantification

Illustrative examples of predicted segmentations are shown in
Figures 1 and 2. Tumor detection and segmentation performances
are quantified in Figure 3. Our approach yielded median true-
positive rates of 0.75, 0.85, 0.87, and 0.75; median positive predic-
tive values of 0.92, 0.76, 0.87, and 0.76; median Dice similarity
coefficients of 0.81, 0.76, 0.83, and 0.73; and median false-
discovery rates of 0.08, 0.24, 0.13, and 0.24 for patients with lung
cancer, melanoma, lymphoma, and prostate cancer, respectively,
on voxelwise segmentation. The approach yielded median true-
negative rates and negative predictive values of 1.00 across all
patients.
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FIGURE 2. Predicted segmentations on maximume-intensity projections
of '®F-FDG PET scans of lung cancer, melanoma, lymphoma, head and
neck cancer (H & N), and breast cancer. Pre- and posttherapy scans of
breast cancer are shown (bottom row), with first 2 patients from left to
right having pCR and the others being nonresponders.

The DeepSSTL approach yielded a true-positive rate of 0.77 on
PSMA-RADS-4/5 lesions, with improved detection rates through-
out training (P < 0.001) (Fig. 3C). The approach had a higher
true-positive rate of 0.76 on prostate cancer lesions than did
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FIGURE 3. (A and B) Lesionwise (A) and voxelwise (B) analysis of tumor

detection and segmentation. (C and D) Prostate cancer detection rates by
DeepSSTL approach throughout different stages of training progression (C)
and compared with baseline models (D). DSC = Dice similarity coefficient;
FDR = false-discovery rate; NPV = negative predictive value; PPV = posi-
tive predictive value; TNR = true-negative rate; TPR = true-positive rate.
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baseline models trained on only '8F-FDG or PSMA PET/CT
images, with true-positive rates of 0.38 and 0.63, respectively
(P < 0.001) (Fig. 3D). Although a model trained on '3F-FDG and
PSMA PET/CT images had a higher true-positive rate than baseline
models, the model trained on both sets of images had a higher false-
discovery rate of 0.33 than did the model trained only on PSMA
PET/CT images, which had a false-discovery rate of 0.28. Our
DeepSSTL approach maintained a high true-positive rate and had the
lowest false-discovery rate (0.25) of all models (P < 0.05).

The DeepSSTL approach yielded higher detection rates for
lesions with higher tumor volumes across all cancer types (Supple-
mental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org). Radiomics classifiers detected true-positive
volumes of interest with overall accuracies of 0.85, 0.81, 0.74, and
0.93 and AUCs of 0.87, 0.83, 0.79, and 0.87 for patients with lung
cancer, melanoma, lymphoma, and prostate cancer, respectively
(Supplemental Fig. 2; Fig. 4A).

Risk Stratification

A prognostic risk model stratified prostate cancer patients by low-
to intermediate- versus high-risk with an overall accuracy of
0.83 and an AUC of 0.86 (Fig. 4B). Risk scores derived from the
model had positive correlations with overall PSMA-RADS scores
(p = 044, P < 0.001) and post-PSMA PET therapies (p = 0.37,
P < 0.001) (Figs. 4C and 4D). Risk stratifications by imaging mea-
sures, initial PSA levels, Gleason scores, risk model predictions, and
the risk model predictions combined with Gleason scores were eval-
uated (Supplemental Fig. 3). Optimal thresholds for MTV, TLA,
lesion number, SUV nean, SUVmax, and Gleason score were 22.00 cm’,
174.56 SUV~cm3, 10, 9.38, 38.87, and 8, respectively.

High-risk patients classified by MTV, TLA, the risk model, and
the risk model combined with Gleason scores had higher follow-
up PSA levels than low- to intermediate-risk patients (P < 0.05).
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FIGURE 5. Predicted segmentations on maximum-intensity projections
of PSMA PET scans of prostate cancer from datasets 1 (top row) and 2
(bottom row). MTV, PSA doubling times (DT), and follow-up PSA levels
were measured in cubic centimeters, months, and ng/mL, respectively.

High-risk patients classified by Gleason scores and the risk model
with Gleason scores had shorter PSA doubling times than low- to
intermediate-risk patients (P < 0.05). Low-, intermediate-, and
high-risk patients classified by the risk model combined with Glea-
son scores had mean follow-up PSA levels of 9.18, 26.92, and
727.46 ng/mL and mean PSA doubling times of 8.67, 8.18, and
4.81 mo, respectively. [llustrative examples are shown in Figure 5.

Survival Analysis

Imaging measures were extracted from '3F-FDG PET/CT scans
of head and neck cancer patients. MTV (measured in cm®), TLA,
SUV hean, and SUV,,.« were used as continuous variables in the
survival analysis. MTV, TLA, lesion number, SUV pean, SUVay,

age, AJCC stage, and the risk score were significantly associated
with overall survival by univariable Cox regression analysis
(Fig. 6A). Age and risk score were independent prognosticators of
overall survival by multivariable Cox regression analysis. The risk
score yielded a C-index value of 0.71, indicating concordance
between overall survival and the predicted risk scores. Hazard
ratios with 95% CI and C-index values are reported in Table 2.

Stratification of patients was based on median values for all
imaging measures and plotted using Kaplan—Meier estimators
(Supplemental Fig. 4). For MTV, TLA, and SUV,,,,, patients in
the upper half had a significantly shorter median overall survival
(P < 0.05). Stratification of patients was based on the risk score
and plotted using Kaplan-Meier estimators (Fig. 6B). High-risk
patients had a shorter median overall survival than low- or
intermediate-risk patients (1.64 y vs. median not reached, P < 0.001).
Intermediate-risk patients had a shorter median overall survival than
low-risk patients (P < 0.05).

Treatment Response Prediction

Imaging measures were extracted from pre- and posttherapy '8F-
FDG PET/CT scans of breast cancer patients (Fig. 6C). Posttherapy
measures were all lower for pCR than for non-pCR, indicating a
higher posttherapy tumor burden for nonresponders (P < 0.05).
Optimal thresholds of pretherapy measures for MTV, TLA, lesion
number, SUV,ean, and SUV,,.. were 188.96 cm®, 96.46 SUV-cm’,
2, 1.85, and 7.84, respectively. Accuracy metrics for predicting pCR
using pretherapy measures are reported in Table 3. Classifiers trained
to predict pCR using only pretherapy measures (decision tree 1) and
both pre- and posttherapy measures (decision tree 2) had overall
accuracies of 0.72 and 0.84, AUCs of 0.72 and 0.76, and areas under
the precision-recall curve of 0.51 and 0.67, respectively.

DISCUSSION

Molecular imaging modalities provide important molecular
insights into the pathophysiologic processes underlying disease
and are powerful tools for the detection

and localization of cancer and metastases

Low vs, High: |—— Low-risk {n=12}

(15). Deep learning approaches have been
developed for research and clinical care in
nuclear medicine (7,/6-21). Methods
developed for narrow applications, such as
image classification and segmentation,
often require vast training datasets with
physician-defined annotations, which are
expensive to produce, subject to interreader
variability, and unscalable. Accordingly,
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FIGURE 6. (A) Forest plots of univariable and multivariable Cox regression analysis. (B) Kaplan- 11 [€Sponse to therapy.

Meier survival curves for head and neck cancer. (C) Imaging measures quantified from pre- and post-

therapy scans of breast cancer.
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The approach performed domain adapta-
tion, with source domain '*F-FDG PET/CT
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TABLE 2
Cox Regression Analysis and Respective C-Index Values

Univariable Cox regression

Multivariable Cox regression

Parameter Hazard ratio 95% ClI Hazard ratio 95% CI P C index
MTV 1.01 1.01-1.02 <0.001 0.99 0.97-1.02 0.57 0.68
TLA 1.00 1.00-1.00 <0.001 1.00 1.00-1.00 0.27 0.69
Lesion no. 1.38 1.13-1.69 0.002 0.84 0.53-1.34 0.47 0.69
SUVnean 1.11 1.04-1.18 0.002 0.74 0.53-1.03 0.07 0.65
SUVnax 1.04 1.02-1.06 <0.001 1.06 0.96-1.17 0.27 0.65
Age 1.06 1.01-1.10 0.02 1.08 1.02-1.14 0.01 0.61
Sex 1.27 0.49-3.28 0.62 1.56 0.52-4.67 0.43 0.47
Surgery 1.48 0.45-4.83 0.52 0.71 0.18-2.76 0.62 0.50
Chemotherapy 0.57 0.20-1.61 0.29 0.67 0.12-3.95 0.66 0.47
Radiotherapy time 0.95 0.88-1.03 0.23 0.94 0.82-1.08 0.38 0.46
AJCC stage 1.62 1.12-2.34 0.01 1.05 0.57-1.92 0.88 0.61
Risk score 1.27 1.11-1.45 <0.001 1.69 1.07-2.66 0.02 0.71

images of patients with lung cancer, melanoma, and lymphoma with
complete manual annotations being used for training and cross-
validation (Figs. 1 and 2). DeepSSTL was applied and enabled tumor
segmentation on target domain PSMA PET/CT images of prostate
cancer patients with incomplete annotations. Despite limited annota-
tions, the approach yielded accurate tumor segmentation on PSMA
PET/CT and achieved a high detection rate of PSMA-RADS-4/5
lesions, for which prostate cancer was highly likely, while limiting
false discoveries by leveraging radiomics analysis (Fig. 3). The
approach generalized across '®F-FDG- and PSMA-targeted radiotra-
cers and performed well on external test datasets with out-of-
distribution cancers not seen during training or cross-validation,
including head and neck and breast cancers.

A risk model for prostate cancer using PSMA PET/CT imaging
measures achieved an accuracy of 0.83 in classifying low- to inter-
mediate- versus high-risk. Higher-risk scores were predicted for
patients who received higher PSMA-RADS scores and systemic ther-
apies, corroborating the risk model against 2 separate indications
(Fig. 4). Although SUV measures and initial PSA levels were indi-
vidually poor predictors of risk based on follow-up PSA levels and
PSA doubling times, respectively, the risk model yielded improved
performance by incorporating all molecular imaging measures,

including MTV, TLA, number of lesions, SUV ean, and SUV .«
(Fig. 5). Risk model predictions combined with Gleason scores were
validated against follow-up PSA levels and PSA doubling times and
yielded significant differences between risk groups.

A risk score for head and neck cancer incorporated '*F-FDG
PET/CT imaging measures and overall AJCC staging based on
tumor—node—metastasis classification. The risk score and all imag-
ing measures were significant prognosticators of overall survival
by univariable Cox regression. The risk score was a negative prog-
nosticator of overall survival with a hazard ratio of 1.69 by multi-
variable Cox regression, with patients who had higher risk levels
having a shorter median overall survival by Kaplan—Meier analy-
sis (Fig. 6). Risk stratification and survival estimation were
improved when imaging measures were combined with Gleason
scores and AJCC staging for patients with prostate cancer and
head and neck cancer, respectively, indicating synergy between
molecular imaging measures and clinical, pathologic, and ana-
tomic factors.

A classifier for breast cancer using '*F-FDG PET/CT imaging
measures from pre- and posttherapy scans predicted pCR with an
accuracy of 0.84. Although the classifier achieved a positive pre-
dictive value of 1.00, true-negative rate of 1.00, and negative

TABLE 3
Predicting pCR

Area under Positive Negative
Model and precision- True-positive predictive True-negative predictive
parameter Accuracy AUC recall curve rate value rate value
MTV 0.42 0.55 0.28 1.00 0.32 0.19 1.00
TLA 0.67 0.58 0.30 0.50 0.42 0.73 0.79
Lesion no. 0.47 0.67 0.39 0.80 0.32 0.35 0.82
SUVnean 0.72 0.44 0.28 0.30 0.50 0.88 0.77
SUVmax 0.64 0.44 0.27 0.40 0.36 0.73 0.76
Decision tree 1 0.72 0.72 0.51 0.50 0.50 0.81 0.81
Decision tree 2 0.84 0.76 0.67 0.43 1.00 1.00 0.82
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predictive value of 0.82, the classifier had a true-positive rate of 0.43.
Interestingly, predicting pCR with an optimized MTV threshold
yielded a perfect true-positive rate and negative predictive value of
1.00 with an accuracy of 0.42, highlighting the trade-off between
prediction strategies. A classifier using only pretherapy measures pre-
dicted pCR with an accuracy of 0.72, demonstrating the feasibility of
predicting pCR to inform treatment management before neoadjuvant
therapy and surgery using a small cohort of 36 patients. Larger pro-
spective studies will be required to validate the approach.

8F_.FDG PET/CT has broad utility in oncologic imaging by tar-
geting glycolytic metabolism present in most malignancies. Many
prostate cancers are not 'SF-FDG-avid, and alternative imaging
agents have been developed to target metabolic pathways, includ-
ing '"8F-fluciclovine and ''C-choline, and specific cell-surface
receptors, such as PSMA (/5). PSMA-targeted agents, including
18F.DCFPyL and %®Ga-PSMA-11, have demonstrated prostate can-
cer detection rates superior to those of conventional imaging (/5).

Given the wide array of available radiotracers, artificial intelli-
gence approaches must generalize across molecular imaging
agents to support automated analysis. Indeed, our approach per-
formed whole-body tumor quantification on '®F-FDG and PSMA
PET/CT images of multiple cancers despite the differences in bio-
distribution between '|F-FDG and PSMA-targeted uptake pat-
terns. A prospective study by Buteau et al. found that an SUV ;ca,
of 10 or higher on PSMA PET and an MTV lower than 200 cm®
on "®F-FDG PET were predictive biomarkers for a higher PSA
response to !7’Lu-PSMA therapy in metastatic castration-resistant
prostate cancer (3). Interestingly, our retrospective analysis found
that an SUV jean 0f 9.38 on PSMA PET was the optimal cutoff for
prostate cancer risk stratification. That agreement, combined with
the generalizability of our approach, highlights the potential utility
of the proposed approach for selection of patients for PSMA-
targeted radioligand therapy.

We and others have developed convolutional neural networks for
tasks on PSMA PET, including classification according to the
PSMA-RADS and PROMISE (Prostate Cancer Molecular Imaging
Standardized Evaluation) frameworks and segmentation of intrapro-
static gross tumor volume and metastases (7,22—24). Jemaa et al.
proposed cascaded 2- and 3-dimensional convolutional neural net-
works with a U-net architecture for region-specific tumor segmenta-
tion on '8F-FDG PET/CT (25). Unlike approaches focusing on
specific volumes of interest or cross-sectional slices, our approach
provides fully automated whole-body PET/CT tumor quantification
and lesionwise radiomics analysis to support more precise staging,
disease tracking, and therapeutic monitoring. We used the state-of-
the-art nnU-net architecture (6) as a backbone for our approach and
achieved robust tumor quantification. nnU-net was among the top
performers in the autoPET challenge for automated tumor segmen-
tation on '3F-FDG PET/CT, with a common feature of the top algo-
rithms being the use of a U-net backbone (26). Comparison of the
performance of the proposed DeepSSTL approach to publicly avail-
able benchmarks, such as the autoPET challenge, is an important
area of investigation. Another approach used nnU-net for normal-
organ segmentation on '*F-FDG PET/CT (27). Our DeepSSTL
approach may also incorporate multiorgan segmentation for sys-
temic analysis and radiation dosimetry applications.

Deep learning models require training data with extensive expert
annotations. That limitation is partially ameliorated by our DeepSSTL
approach that learns the segmentation task on the target domain using
incomplete annotations. However, our approach remains reliant on
manual annotations for performance assessment, which may be

AuTOoMATED PET/CT TUMOR QUANTIFICATION ~ *

confounded by inaccurate or inconsistent annotations. Consensus
readings or histopathologic validation may be warranted in such sce-
narios. Alternatively, realistic simulated images with known ground
truth may be used to assess task-based performance (/7). Our
approach may incorporate physician-in-the-loop continuous feedback
and assist physicians by flagging potential foci of disease as a second
reader.

A limitation of this study was that prostate cancer detection was
evaluated on advanced PSMA-RADS-4/5 lesions and that testing
on lower PSMA-RADS scores was lacking. Evaluation of indeter-
minant findings, such as PSMA-RADS-3, may provide further
insights into the true positivity of such lesions (28). Another limi-
tation was that the available retrospective imaging and clinical
datasets were heterogeneous, dependent on cancer type. However,
such heterogeneity reflects real-world clinical settings where infor-
mation is often incomplete across patient cohorts. Although evalu-
ation on independent test data is ideal, the performance of the
proposed approach was evaluated via cross-validation because of
the limited availability of heterogeneous datasets. All aspects of
model training and hyperparameter optimization took place only
on the training folds, with the hold-out test folds being used only
during evaluation to provide accurate estimates of model perfor-
mance. Additionally, performance estimates of predicting pCR for
patients with breast cancer may be impacted by the limited data
and the class imbalance between patients with pCR versus non-
pCR (Table 3). Precision-recall curve metrics were reported in
addition to overall accuracy and AUC to evaluate classifier perfor-
mance more thoroughly in the context of such class imbalances.

CONCLUSION

The DeepSSTL approach performed fully automated, whole-
body tumor segmentation on PET/CT images using limited tumor
annotations and generalized across patients with 6 different cancer
types imaged with '8F-FDG and PSMA-targeted radiotracers.
Molecular imaging measures were automatically quantified and
demonstrated prognostic value for risk stratification, survival esti-
mation, and treatment response prediction.

KEY POINTS

QUESTION: How can we develop generalizable approaches for
automated whole-body tumor quantification on PET/CT with
limited manual annotations?

PERTINENT FINDINGS: Our DeepSSTL approach performed
accurate tumor segmentation on the '®F-FDG and PSMA PET/CT
images of 1,019 patients with 6 different cancers using incomplete
annotations. The approach incorporated radiomics analysis and
achieved a high tumor detection rate while minimizing false
discoveries. Molecular imaging measures were automatically
quantified and were predictive of risk stratification, overall survival,
and treatment response.

IMPLICATIONS FOR PATIENT CARE: The developed approach
reduces physician workload by providing generalizable tumor
segmentation on PET/CT and automatic quantification of
prognostic molecular parameters.
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Errata
In the article “MRI or 18F-FDG PET for Brain Age Gap Estimation: Links to Cognition, Pathology, and Alzheimer Disease
Progression,” by Doering et al. (J Nucl Med. 2024;65:147-155), the footnote of Table 1 mistakenly reads, “*Significantly different
from ADNI CD.”; however, the footnote should read, “*Significantly different from ADNI CN.” The error has been corrected in
the online article. We regret the error.
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In the article, “!'’Lu-Prostate-Specific
Membrane Antigen Therapy in Patients with
Metastatic Castration-Resistant ~ Prostate
Cancer and Prior **Ra (RALU Study)” by
Rahbar et al. (J Nucl Med. 2023;64:1925—
1931), some errors have been identified in
Table 1, the abstract, main body of the article,
and the supplemental data. The corrected Table
1 is provided here. The corrected Supplemental
Table 4 can be found in the supplemental data
online. The errors do not change the message or
key findings of the paper. However, the authors
regret the errors.

In Table 1 and in the first paragraph of the
Results section of the main body of the article,
the number (percentage of patients with ECOG
PS 1 and 2 was incorrectly stated as being 82
(62) and 51 (38), respectively. The correct
ECOG values are as follows: ECOG 1, 17 (13);
ECOG 2, 49 (37); ECOG 3, 13 (10); ECOG 4,
2 (2); missing, 52 (39).

In Table 1, the Results section of the abstract,
the second paragraph of the Results section in
the main body of the article, and the graphical
abstract, the number (percentage) of patients
who received at least 4 prior life-prolonging
therapies was incorrectly stated as being 75
(56). The correct values are 76 (57).

In the Results section of the abstract and the
second paragraph of the Results section in the
main body of the article, the percentage of
patients who received 5-6 ?*Ra injections was
incorrectly stated as being 73%. The correct
percentage is 74%.

In Supplemental Table 4, the number
(percentage) of patients with ECOG PS 1 or 2
was incorrectly stated as 37 (65) and 20 (35),
respectively, for patients who received the
Ra—Tax—Lu treatment sequence and 31 (62)
and 19 (38), respectively, for patients who
received the Tax—Ra—Lu treatment sequence.
The correct ECOG PS values for Ra—Tax—Lu
treatment are as follows: ECOG 1, 6 (11);
ECOG 2, 22 (39); ECOG 3, 7 (12); ECOG 4, 1
(2); missing 21 (37). The correct ECOG PS
values for Tax—Ra—Lu treatment are as
follows: ECOG 1, 7 (14); ECOG 2, 16 (32);
ECOG 3, 6 (12); ECOG 4, 1 (2); missing, 20
(40).

Table 1. Baseline Demographics and Clinical
Characteristics Before or at Start of !7’Lu-PSMA

(Characteristic Data
Patients 133
Age (y) 73 (49-90)
ECOG PS
1 17 (13)
2 49 (37)
3 13 (10)
4 2(2)
Missing 52 (39)
PSA* (ng/mL) (n = 130) 286 (1-12,229)
ALP* (U/L) (n=112) 146 (23-973)
Extent of metastatic disease’
Bone metastases with lymph 63 (47)
node metastases
Bonemessmesitont | 305
Visceral metastases 36 (27)
Prior therapies for mCRPC, n (%)
>4 Life-prolonging therapies* 76 (57)
22Ra 133 (100)
Number of ’Ra injections
1-4 35(26)
5-6 98 (74)
Abiraterone 95 (71)
Enzalutamide 92 (69)
Abiraterone and enzalutamide 71 (53)
Chemotherapy lines®
0 31(23)
1 67 (50)
>2 35 (26)
Docetaxel 99 (74)
Cyclesl!
1-4 27 (24)
>5 59 (53)
Missing/unknown 26 (23)
Cabazitaxel 30 (23)
Cycles
1-4 cycles 7(21)
>5 cycles 14 (42)
Missing/unknown 12 (36)

*In case of multiple measures, value nearest to "7Lu-PSMA start was chosen.
Prebaseline period, patient may have multiple metastatic diseases.
*Docetaxel, cabazitaxel, abiraterone, enzalutamide, **Ra.

SChemotherapies with same start date + 15 d were counted as 1 line.

lin = 112; percentages were based on number of docetaxel therapies (i.e.,
patients who received 2 lines of docetaxel were counted twice).

in = 33; percentages were based on number of cabazitaxel therapies (i.e.,
patients who received 2 lines of cabazitaxel were counted twice).

ECOG PS = Eastern Cooperative Oncology Group performance status.
Qualitative data are number and percentage; continuous data are median and

range.
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Performance Evaluation of the uMI Panorama PET/CT
System in Accordance with the National Electrical
Manufacturers Association NU 2-2018 Standard

Guiyu Li*, Wenhui Ma*, Xiang Li*, Weidong Yang, Zhiyong Quan, Taoqi Ma, Junling Wang, Yunya Wang, Fei Kang,

and Jing Wang

Department of Nuclear Medicine, Xijing Hospital, Fourth Military Medical University, Xi’an, China

The uMI Panorama is a novel PET/CT system using silicon photomuilti-
plier and application-specific integrated circuit technologies and pro-
viding exceptional spatial and time-of-flight (TOF) resolutions. The
objective of this study was to assess the physical performance of the
uMI Panorama in accordance with the National Electrical Manufac-
turers Association (NEMA) NU 2-2018 standard. Methods: Spatial
resolution, sensitivity, count rate performance, accuracy, image qual-
ity, and TOF resolution were evaluated in accordance with the guide-
lines outlined in the NEMA NU 2-2018 standard. Energy resolution
was determined using the same dataset acquired for the count rate
performance evaluation. Images from a Hoffman brain phantom, a
mini-Derenzo phantom, and 3 patient studies were evaluated to dem-
onstrate system performance. Results: The transaxial spatial resolu-
tion at full width at half maximum was measured as 2.88 mm with a
1-cm offset from the center axial field of view. The sensitivity at the
center axial field of view was 20.1 kcps/MBg. At an activity concentra-
tion of 73.0 kBg/mL, the peak noise-equivalent count rate (NECR)
reached 576 kcps with a scatter fraction of approximately 33.2%. For
activity concentrations at or below the peak NECR, the maximum rela-
tive count rate error among all slices remained consistently below 3%.
When assessed using the NEMA image quality phantom, overall
image contrast recovery ranged from 63.2% to 88.4%, whereas back-
ground variability ranged from 4.2% to 1.1%. TOF resolution was 189
ps at 5.3 kBg/mL and was consistently lower than 200 ps for activity
concentrations at or below the peak NECR. The patient studies dem-
onstrated that scans at 2 min/bed produced images characterized by
low noise and high contrast. Clear delineation of nuclei, spinal cords,
and other substructures of the brain was observed in the brain PET
images. Conclusion: uMIl Panorama, the world’s first commercial
PET system with sub-200-ps TOF resolution, demonstrated fine spa-
tial and fast TOF resolutions, robust count rate performance, and
high quantification accuracy across a wide range of activity levels.
This advanced technology offers enhanced diagnostic capability for
detecting small and low-contrast lesions while showing promising
potential under high-count-rate imaging scenarios.
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time of flight
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The concept of using time-of-flight (TOF) information to bet-
ter determine the location of positron annihilation in PET was first
introduced during the early stages of PET development (/). By mea-
suring the difference in arrival time between the detection of 2 coinci-
dent photons, it is possible to determine the annihilation position
along a line of response (LOR) within a spatial uncertainty of cAt/2,
where ¢ and At represent the speed of light and the timing resolution,
respectively. The incorporation of TOF not only expedites PET recon-
struction convergence but also reduces image noise and enhances the
image signal-to-noise ratio by constraining the LORs within a smaller
image volume during the image reconstruction process (2,3). In ana-
Iytic image reconstruction algorithms, compared with non-TOF PET,
TOF PET can achieve a relative gain in image signal-to-noise ratio
equal to the square root of the object size divided by the product of
speed of light and the system’s timing resolution (4-8).

The first TOF PET scanner was developed in the 1980s by cou-
pling cesium fluoride or barium fluoride scintillators with photo-
multiplier tubes, achieving a TOF resolution ranging from 400 to
600 ps (9,10). However, factors such as poor stopping power and
low light yield limited the use of cesium fluoride— or barium fluo-
ride-based TOF PET systems to primarily high-count-rate brain or
cardiac studies. The introduction of lutetium-based scintillation
materials such as lutetium oxyorthosilicate and lutetium-yttrium
oxyorthosilicate (LYSO) significantly improved sensitivity while
maintaining TOF resolution ranging from 450 to 600 ps (11-16).

In recent years, silicon photomultipliers (SiPMs) have made
remarkable progress as novel photodetectors with enhanced photo-
detection efficiency, reduced detector noise/cross talk, and improved
timing performance (/7). As new photodetectors with linear arrays
or matrices of various sizes, SiPMs are progressively preferred as
the photodetectors for the next generation of commercial TOF PET
scanners. Furthermore, advancements in photodetector technology
have led to the development of PET detectors with expanded cover-
age and reduced signal multiplexing (i.e., the number of crystals per
photosensor channel), aiming to improve both timing and spatial
resolutions. These detectors require low power consumption and
highly integrated readout electronics that allow for the individual
acquisition of charge and timing information from tens of thousands
of SiPM channels. Consequently, dedicated TOF PET application-
specific integrated circuit (ASIC) chips have been developed and
implemented in various commercial TOF PET scanners (/8-20).
These new scanners have achieved improved TOF resolution, sensi-
tivity, and spatial resolution compared with photomultiplier tube—
based systems, resulting in improved lesion detectability, decreased
scan time, and reduced injected radioactivity (21—24).
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The uMI Panorama (United Imaging Health Care) is a novel dig-
ital PET/CT system that uses SiPM-based detectors coupled with
LYSO crystals of 2.76 X 2.76 X 18.1 mm®. The equipped modular
uExcel detector platform provides flexibility to vary the axial field
of view (FOV). To enhance signal quality and minimize the effects
of dead time, an intricately designed multichannel ASIC capable of
precise time and amplitude measurements is used.

The aim of this study was to assess the physical performance of
the uMI Panorama system in accordance with the National Electri-
cal Manufacturers Association (NEMA) NU 2-2018 standard (25).
Furthermore, an initial evaluation of its capabilities was conducted
by assessing images acquired using a Hoffman brain phantom, a
mini-Derenzo phantom, and 3 patient studies.

MATERIALS AND METHODS

PET/CT System

The uMI Panorama PET/CT system consists of an SiPM-based
PET scanner with LYSO crystals and a 160-slice clinical CT scanner.
The CT scanner is equipped with a liquid metal bearing x-ray tube,
capable of rotating at a maximum speed of 0.25 s/360° and achieving
a minimum slice thickness of 0.5 mm. The PET system has a transax-
ial FOV of 76.0 cm and an axial FOV of 35.1 cm. The system com-
prises 34 detector modules, with each module consisting of 5 axial
“cells” with an intercell gap of 2.2 mm. The PET system’s extendable
design allows for the extension of the axial FOV of the scanner by
concatenating different numbers of axial “cells.”

Each “cell” comprises a 2 X 2 matrix of miniblocks, and each mini-
block consists of a 4 X 4 matrix of microblocks. Each microblock has
a 3 X 3 array with a pitch size of 2.85 mm. The total number of crys-
tals is 816 X 120 (transaxial X axial). Additionally, each microblock
is coupled to a 2 X 2 SiPM array, achieving an Anger multiplexing
ratio of 9:4 for crystal identification. Two multichannel ASIC chips
are integrated into each miniblock to obtain the charge and arrival
times from SiPMs in each array.

Raw PET coincidence data are stored in list-mode format. The TOF
measurement is discretized into 6.1-ps bins, and the energy measure-
ment is discretized into 1-keV bins within an energy window of 430—
650 keV. Detectors within the same miniblock share energy informa-
tion, enabling the recovery of intercrystal scattered events from 1
microblock to another within the same miniblock (26).

Measurements

Spatial Resolution. Spatial resolution was assessed by imaging an
8E_FDG point source (0.77 MBq) that had an inner diameter of 0.5
mm and an axial length of less than 1 mm and that was encapsulated
at the end of a capillary tube. The source was positioned at 2 axial
planes: 1/2 axial FOV and 1/8 axial FOV from the end of the scanner.
At each axial plane, resolution measurements were obtained at 3 trans-
axial positions (x, y): (0, 1 ecm), (0, 10 cm), and (0, 20 cm). List-mode
data of LORs with oblique angles of less than 3.7° were rebinned into
2-dimensional sinograms using the Fourier rebinning method (27).
The data were subsequently reconstructed using the 2-dimensional fil-
tered backprojection algorithm without attenuation correction, scatter
correction, or postreconstruction smoothing. The voxel size was set to
0.6 X 0.6 X 0.8 mm>. The axial, radial, and tangential resolutions
were evaluated in accordance with the NEMA NU 2-2018 standard.
Additionally, PET resolution performance was further assessed using
a mini-Derenzo phantom. This phantom consisted of hot rods with
various diameters (1.6, 2.0, 2.4, 3.6, 4.0, and 4.8 mm) distributed
across 6 sectors. The center-to-center spacing between rods within a
given sector was twice the rod diameter. Initially filled with 16.3 MBq
of '8F-FDG, the phantom was imaged for 10 min with the hot rods ori-
ented in line with the axial direction. The same phantom, with an
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initial activity of 8.6 MBq, was then imaged for 20 min with the hot
rods oriented perpendicular to the axial direction. Image reconstruction
was performed using the TOF ordered-subset expectation maximiza-
tion (OSEM) algorithm with the point spread function (PSF), 7 itera-
tions, 10 subsets, and a 1-mm gaussian postreconstruction filter. The
voxel size of the image was 0.6 X 0.6 X 0.8 mm>.

Sensitivity. The sensitivity of the system was evaluated using a
NEMA NU 2 sensitivity phantom, which consists of 5 concentric alu-
minum sleeves, each 70 cm long. Polyethylene tubing (70 cm long)
filled with 12.8 MBq of '*F-FDG solution was inserted into the alumi-
num sleeves and positioned at the center of the transaxial FOV. Five
300-s acquisitions were conducted by successively removing the out-
ermost sleeve to extrapolate attenuation-free sensitivity. Then, the
entire process was repeated with the line source positioned at 10 cm
off-center in the transaxial FOV. List-mode data at both positions
were processed using the single-slice rebinning method with a slice
thickness of 1.46 mm, and random coincidences were subtracted using
the delayed coincidence time window technique.

Scatter Fraction, Count Losses, and Randoms. In accordance
with the NEMA NU 2-2018 standard, count rate performance was mea-
sured by inserting a 70-cm line source into the NEMA NU 2 scatter phan-
tom, a 20-cm-diameter, 70-cm-long polyethylene cylinder. The phantom
was positioned at the center of the FOV and was axially aligned with the
scanner axis. The line source contained 1.82 GBq of '®F-FDG solution at
the beginning of the acquisition. A total of 34 acquisitions were performed
throughout the PET scan protocol described in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org). Ran-
dom estimation was obtained using raw data from the delayed coincidence
channel. Subsequently, the scatter fraction, count rates for different types
of coincident events, and the NECR were determined.

Timing Resolution and Energy Resolution. The data acquired
from the count rate performance measurement were used to evaluate
the timing resolution and energy resolution (28). To determine the
source position, data acquired at activity concentrations below the peak
NECR were reconstructed using non-TOF OSEM with all corrections
applied. Only coincidences within the =20-mm region of interest cen-
tered on the line source were used to obtain the timing histogram. The
timing error was calculated for the data for each coincidence by finding
the difference between the measured TOF data and the expected TOF
offset on the basis of the point closest to the line source on the corre-
sponding LOR. Scatter and random coincidences were subtracted using
the tails of the TOF histograms. The timing resolution was obtained by
measuring the full width at half maximum (FWHM) of the final time
distribution histogram. For all 34 acquisitions, crystal-level energy
spectra with a 1-keV energy bin width were combined into a single
spectrum by aligning the 511-keV peaks. The maximum value of the
511-keV peak was determined by fitting a parabolic curve based on 3
points: 1 at the peak and 2 at its nearest neighboring points. The
FWHM was determined through linear interpolation between adjacent
pixels at half of the maximum value of the peak.

Accuracy: Correction for Count Losses and Randoms. The
quantitative accuracy was measured using the same dataset acquired dur-
ing the count rate performance measurement. Images under various activ-
ity concentrations were reconstructed with all PET data corrections.
Random coincidences were corrected by using data from the delayed coin-
cidence channel. Dead time correction was based on a nonparalyzable
model-based adaptive dead time correction method (29,30). The standard
whole-body image reconstruction protocol used at our institution was
applied, that is, a PSF-based TOF OSEM algorithm with 3 iterations, 10
subsets, a voxel size of 1.8 X 1.8 X 2.14 mm’, and a 2-mm FWHM
gaussian postreconstruction filter. For each reconstruction, 12 slices at
each end of the axial FOV were excluded from the analysis.

Image Quality and Accuracy of Correction. To conform to the
NEMA NU 2-2018 standard, a NEMA NU 2 image quality phantom
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was used to evaluate image quality. The NEMA NU 2 scatter phan-
tom, used for the count rate performance measurement, was positioned
adjacent to the NEMA image quality phantom. At the start of image
acquisition, the background activity concentration of '3F-FDG was
5.3 kBg/mL, and the line source activity in the scatter phantom was
116 MBq. The duration of the phantom scan was set to 6.8 min with a
35% bed overlap, which is the overlap used in our clinical routines.
Six spheres with diameters of 10, 13, 17, 22, 28, and 37 mm were
filled with an 'F-FDG solution containing an activity concentration
ratio of 4.0:1 relative to the background. In accordance with the
NEMA NU 2-2018 standard, duplicate scans were performed sequen-
tially 3 times to evaluate the reproducibility of the results. The dura-
tions of the second and third scans were adjusted to compensate for the
decay of '8F. The resulting image was reconstructed using our institu-
tional standard whole-body protocol with all data corrections applied.

Hoffiman Brain Phantom. A Hoffman brain phantom was filled
with 48.8 MBq of '®F-FDG and scanned for 10 min. The acquired
images were reconstructed using the PSF-based TOF OSEM algo-
rithm, with a voxel size of 0.6 X 0.6 X 0.8 mm3, 7 iterations, 10 sub-
sets, and a 1-mm gaussian postreconstruction filte—our institutional
standard brain protocol. In accordance with the method described by
Leemans et al. (37), a central slice of the Hoffman brain phantom at
the level of the basal ganglia and lateral ventricle was selected to visu-
alize gray matter, white matter, and cerebrospinal fluid. The radioac-
tivity concentration ratios between the gray matter and the white
matter, as well as the contrast recovery of gray matter relative to cere-
brospinal fluid, were calculated.

Patient Study. The clinical performance of the system was assessed
through a study conducted on 3 patients. The study was approved by the
Institutional Review Board of Xijing Hospital (KY20212145-F-1), and
informed consent was obtained from all patients (informed consent for
the publication of related images was obtained from all human research
participants). The first patient, a 56-y-old woman (160.3 cm, 58.2 kg),
was diagnosed with plantar squamous cell carcinoma and metastases.
This patient received an injection of 314 MBq of '*F-FDG. A whole-
body PET/CT scan was performed at 69 min after injection, with a scan
duration of 2 min/bed, a bed overlap of 40%, and a total of 7 beds.
Reconstructions with and without TOF were performed using the PSF-
based TOF OSEM algorithm with 3 iterations, 10 subsets, a voxel size of
1.8 X 1.8 X 2.14 mm?, and a 2-mm FWHM gaussian postreconstruction
filter for comparison. Three additional TOF reconstructions were per-
formed using portions of the original 2-min/bed—position list-mode file to
evaluate the impact of scan duration. The second patient, a 63-y-old man
(180 cm, 59 kg), was diagnosed with cognitive impairment and received
an injection of 303 MBq of 'F-FDG. At 52 min after injection, a
10-min brain scan was conducted and reconstructed using our standard

brain protocol. Again, the non-TOF and TOF images were compared. The
third patient, a 72-y-old man (172 c¢m, 55 kg), presented with non—small
cell lung cancer for staging. This patient received an injection of 203 MBq
of 8F-FDG. A whole-body PET/CT scan consisting of 4 beds (2 min/bed
with a bed overlap of 45%) was performed at 65 min after injection. The
same whole-body PET image reconstruction protocol was used.

The datasets generated during the present study are available from
the corresponding authors on reasonable request.

RESULTS

Spatial Resolution

The spatial resolution performance of the system is summarized in
Table 1. The transverse resolution, averaged over both tangential and
radial directions at a distance of 1 cm off-center, was 2.88 mm. Figure 1
displays image slices of the mini-Derenzo phantom positioned at the
center of the axial FOV in 2 orientations. Single-slice images (with slice
thicknesses of 0.8 mm for the transaxial orientation and 0.6 mm for the
coronal orientation) as well as averaged multiple-slice images (over 30
slices for the transaxial orientation and over 40 slices for the coronal ori-
entation) are shown. In the transaxial orientation, the smallest resolved
rod size was 2.0 mm, and the shape of the hot rods remained visually
undistorted. In the coronal orientation, most of the 2-mm rods were
resolved, but some were slightly distorted along their axial direction.

Sensitivity

The sensitivity profiles are shown in Figure 2. The system sensi-
tivities were 20.1 kcps/MBq at the transaxial center and 20.9
keps/MBq at 10 cm off-center.

Count Rate Performance, Timing and Energy Resolution,
and Accuracy

Figure 3A shows a plot of count rates for different types of
coincident events and NECR at various activity concentrations.
The peak NECR was 576.0 kcps at 73.0 kBg/mL. Even at the
highest activity concentration of 82.9 kBg/mL, the true count rate
reached 3.6 Mcps and continued to increase. Figure 3B depicts the
scatter fraction, TOF resolution, energy resolution, and accuracy
as a function of activity. The scatter fractions were 34.7% at
5.3 kBg/mL and 33.2% at the peak NECR. The TOF resolutions
observed were 189 and 197 ps at 5.3 kBg/mL and at the peak
NECR, respectively. The energy resolution was 9.6% FWHM at
the 511-keV photopeak with 5.3 kBg/mL. The maximum absolute
error, at or below the peak NECR, was 2.81%.

TABLE 1
Measured NEMA NU 2-2018 Spatial Resolutions
FWHM (mm)
Location Position (cm) Tangential Radial Axial
Center axial FOV 1 3.02 2.72 2.74
10 3.21 3.19 2.89
20 3.57 4.80 3.10
1/8 axial FOV 1 3.03 2.73 2.80
10 3.06 3.22 2.95
20 3.53 4.91 3.08
Average of 1/2 and 1/8 1 3.03 2.73 2.77
10 3.14 3.2 2.92
20 3.55 4.85 3.09
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Transaxial single slice

Transaxial averaged slice

FIGURE 1. lllustrations of single slice (left) and average of multiple slices
(right) for mini-Derenzo phantom at center of FOV in 2 orientations: with
rod perpendicular to axial plane (initially filed with 16.3 MBq of '®F-FDG
and imaged for 10min) and in coronal plane (same phantom imaged for
20min with initial activity of 8.6 MBq). Images were reconstructed using
PSF-based TOF OSEM algorithm with 7 iterations, 10 subsets, voxel size
of 0.6 X 0.6 X 0.8 mm?, and 1 mm FWHM gaussian postreconstruction fil-
ter. Gray scale was adjusted to cover range from minimum value to 40%
of maximum value for each respective image.

Image Quality
Table 2 summarizes the contrast recovery, background variabil-
ity, and lung residual error for 3 duplicate scans.

Hoffman Brain Phantom

Four transverse slices of the Hoffman brain phantom are shown
in Figure 4. The radioactivity concentration ratio between the gray
matter and the white matter was 3.27:1, compared with the ground
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NECR as function of activity concentration. (B) Scatter fraction, TOF reso-
lution, energy resolution, and accuracy measured as function of activity
concentration. NECR curve was plotted using double y-axes. Vertical
dashed lines denote peak NECR.

truth of 4:1; the contrast recovery of gray matter relative to cere-
brospinal fluid was 0.95, in comparison to the true value of 1.

Patient Study

Figure 5A shows the maximum-intensity projections and axial slices
across the liver of the first patient. There was no obvious increase in
false-positive lesions or absence of suspected lesions for all scan dura-
tions. Figures 5B and 5C show axial images containing 2 subcentimeter
pulmonary nodules. In the TOF image, 2 nodules in very close proxim-
ity could be clearly distinguished. The comparison of the brain images
of the second patient with and without TOF correction is shown in
Figure 6. The TOF images clearly revealed more detailed substructures
of the brain, demonstrating significant benefits from the improved TOF
resolution of the system. Figure 7 displays the primary lesion and multi-
ple suspected metastatic lesions in the lung, including both hilar and
right lower-lobe areas. In both PET and CT images, several nodules
with a diameter of approximately 4mm and a suggestive hypodense
cyst with a diameter of approximately 6 mm could be observed. No
motion correction was applied to any of the patient studies.

DISCUSSION

In the present study, we assessed the performance of uMI Pano-
rama in accordance with the NEMA NU 2-2018 standard. The
aims of this evaluation were to provide a reference for the sys-
tem’s performance characteristics and to facilitate comparisons
with other commercial PET/CT scanners.
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TABLE 2
Mean, Maximum, and Minimum Percentages of Contrast Recovery, Background Variability, and Lung Residual for
4.0:1 Sphere-to-Background Ratio*

Percentage for sphere diameter of:

Parameter 10mm 13mm 17mm 22mm 28 mm 37mm Percentage for lung residual
Contrast recovery

Mean 63.2 69.6 76.7 80.7 84.3 88.4 1.2
Maximum 64.8 70.4 77.5 81.3 85.2 88.9 1.3
Minimum 61.1 68.9 75.6 79.9 83.7 88.1 1.1
Background variability

Mean 4.2 3.3 2.4 1.7 1.4 1.1 1.3
Maximum 4.9 3.7 2.6 1.8 1.4 1.2 1.4
Minimum 3.6 2.9 2.1 1.5 1.3 1.0 1.2

*Based on 3 sequential measurements of NEMA image quality phantom.

Spatial Resolution Sensitivity

Compared with most commercially available PET/CT scanners
today, uMI Panorama exhibited improved spatial resolution, pri-
marily due to the smaller crystal size and a higher multiplexing
ratio between the crystal and SiPM. The radial spatial resolution
results were better than the tangential resolution results at a 1-cm
offset position; this finding may be attributable to the rebinning
method used in the filtered backprojection reconstruction. In the
coronal images of the mini-Derenzo phantom, the hot rods exhib-
ited distortion along the axial direction, possibly because of the
slower convergence caused by PSF modeling for LORs with larger
axial oblique angles.

FIGURE 4. Four transverse image slices of Hoffman brain phantom.
Phantom was filled with 48.8 MBq of '®F-FDG and scanned for 10 min.
Gray scale was scaled to same range from minimum to maximum for
each slice. Bottom left slice was used to calculate radioactivity concentra-
tion ratio and contrast recovery.

656

The sensitivity of uMI Panorama was 20.1 keps/MBq with an axial
FOV of 35.1 cm. Although at first glance it may seem that the system
was not as sensitive (in terms of sensitivity per scanner length) as
other commercially available systems (/8,20), this relative difference
in sensitivity per scanner length may be attributable to the slightly
lower absorption efficiency of annihilation photons because of the use
of shorter and smaller transaxial crystals to provide improved trade-
offs among sensitivity, spatial resolution, TOF performance, and axial
coverage. Also notable was that the sensitivity at 10 cm off-center was
greater than that at the center, a finding that may be explained by the
shorter crystal length and longer axial FOV.

Count Rate Performance and Accuracy of Corrections

The combination of high peak NECR and minimal error enabled
the system to maintain high efficiency and quantitative accuracy
across a wide dynamic range. These characteristics make the sys-
tem suitable for clinical scenarios involving high count rates as
well as for dynamic imaging. Of note was that as the activity con-
centration increased, the scatter fraction decreased. This phenome-
non may be attributable to the energy peak drifting toward the
lower end as the count rate rose because of pulse pileup and tem-
perature increase in the detector. The energy drift effect resulted in
more scattered events being excluded by the low-level discrimina-
tor (430keV) than by true events.

Timing Resolution

The timing resolution increased to 197 ps at peak NECR
because of pileup affecting the detector signal when the count rate
increased. The improved timing resolution led to higher image
signal-to-noise ratio and contrast compared with the results pro-
vided by conventional PET scanners with a slower TOF resolu-
tion. Considering that OSEM images converge differently for
different TOF resolutions at the same number of iterations and
that convergence could be influenced by patient and lesion sizes, a
more comprehensive method for comparing the benefits of various
TOF resolutions may be used in future studies.

Image Quality
Contrast recovery is highly dependent on reconstruction para-
meters, such as voxel size, number of iterations/subsets, and
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FIGURE 5. Images from 56-y-old female patient (body mass index, 22.6) diagnosed with plantar squa-
mous cell carcinoma; injected activity was 314 MBq, and uptake time was 69 min. Images were recon-
structed using PSF-based TOF OSEM algorithm with 3 iterations, 10 subsets, 2mm FWHM gaussian
postreconstruction filter, and voxel dimensions of 1.8 1.8 x 2.14 mm®. (A) Sequential maximum-
intensity projections and transaxial image slices with acquisition times of 14, 10.5, 7, and 3.5 min from left
to right, corresponding to 2, 1.5, 1, and 0.5min/bed, respectively. Liver coefficients of variability were
12.8%, 15.3%, 19.7%, and 25.6% from left to right, respectively. (B) Comparison of TOF (upper row) and
non-TOF (lower row) images; from left to right, images represent CT, PET, and PET/CT fusion images,
respectively. (C) Zoomed-in images from B, highlighting high resolution of closely located pulmonary
nodules in TOF images. Images from left to right represent CT, TOF fusion, and non-TOF fusion images,
respectively. For fusion images in C, lower window of intensity scale bar was set to SUV of 1.

residual of the cold area could be explained
by the fine spatial and fast timing resolu-
tions of the scanner.

Hoffman Phantom Study

Brain imaging is often affected by invol-
untary movement of the patient and varia-
tions in individual metabolic characteristics.
In contrast, the Hoffman brain phantom
offers quantitative and qualitative analyses of
a normal brain structure with ground truth.
The fine spatial resolution contributes to
a high radioactivity concentration ratio
between the gray matter and the white matter
as well as accurate delineation of anatomic
structures. The improved contrast recovery
of the ventricle, which lacks radioactivity, is
consistent with the low residual observed in
the lung region of the NEMA image quality
phantom.

Patient Study

The patient study provided initial
insights into clinical patient images
acquired by the system. The brain and
whole-body images presented in this study

postreconstruction smoothing methods (32). Increasing the number
of iterations and decreasing the voxel size can improve contrast
recovery but may also amplify noise and increase reconstruction
time. Using a protocol similar to that used in clinical scenarios, we
did not observe obvious Gibbs artifacts, which may lead to a higher
contrast recovery for smaller spheres (/8). In addition, the low

illustrate the feasibility of fine-resolution imaging with the system
using our standard scan duration and injection dose. In addition,
there is potential for further reduction in either injection dose or
scan time. For example, as illustrated in Figure 5A, clinically
acceptable images could still be obtained when the scan time was
reduced to 1min/bed for this case, even when the injection
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FIGURE 6. Neuroimaging of 63-y-old patient (body mass index, 18.2) who had cognitive impair-
ment with 303 MBq of '8F-FDG PET. Images were acquired at 52 min after injection with single-bed
acquisition lasting 10min. TOF and non-TOF images were reconstructed using PSF-based TOF
OSEM algorithm with 7 iterations, 10 subsets, 1 mm FWHM gaussian postreconstruction filter, and
voxel size of 0.6 X 0.6 X 0.8 mm?®. (A) TOF images compared with non-TOF images, showing better
recovery of cold regions in ventricles, gyri, sulci, and nucleus with TOF. (B) Multiple transaxial planes
of TOF images. (C) Sagittal view showcasing single-bed axial FOV (35.1 cm) of uMI Panorama. (D)
Zoomed-in comparison of TOF with non-TOF images from B, revealing enhanced clarity of insula
gyri, nuclei, and spinal cords in TOF images. Grayscale consistency was maintained across PET
images in A-D. DN = dentate nucleus; FN = fastigial nucleus; IC = inferior colliculus; LGB = lateral
geniculate body; MB = mammillary body; MGB = medial geniculate body; RN = red nucleus; SC =
superior colliculus; STN = subthalamic nucleus.
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activity was less than the minimum
administered '8F-FDG activity according
to European Association of Nuclear Medi-
cine guidelines (33). The uMI Panorama’s
high sensitivity and fast TOF performance
primarily contributed to the low noise
level and high contrast of the recon-
structed images, even with a small voxel
size.

CONCLUSION

The uMI Panorama system achieved a
fine spatial resolution of 2.88mm at a
1-cm offset from the FOV center. Demon-
strating an average sensitivity of 20.1
keps/MBq and a peak NECR of 576 keps
at 73.0 kBg/mL and maintaining less than
3% quantitative bias with activity concen-
trations below the peak NECR, the system
showed robust performance. The incorpo-
ration of LYSO crystals, SiPM-based
detectors, and ASIC chips led to the sys-
tem’s fast timing resolution of 189 ps.
Results from patient studies underscored
the uMI Panorama system’s clinical poten-
tial in enhancing diagnostic capabilities,
particularly for smaller or lower-contrast
lesions, leveraging its exceptional spatial
resolution.
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FIGURE 7. 72-y-old male patient (body mass index, 18.6) presenting with non—-small cell lung can-
cer for staging. Patient received injection of 203 MBq of '®F-FDG. Four-bed (2 min/bed, 45% bed
overlap) whole-body scan was performed at 65 min after injection. Image was reconstructed using
PSF-based TOF OSEM algorithm with 3 iterations, 10 subsets, 2mm FWHM gaussian postrecon-
struction filter, and voxel size of 1.8 X 1.8 X 2.14 mm®. (A) Primary lesion (green arrowhead) and sus-
pected metastatic lesion (red arrowhead). (B) CT transverse image reveals nodules of approximately
4-mm diameter in both lungs, corresponding to abnormal uptake on PET image. Long-axis measure-
ment of 6.1 mm corresponds to suspected lesion highlighted by red arrowhead in A. Numeric values
indicate lesion SUVean. (C) Subcentimeter cold region suggestive of hepatic cyst, consistent with
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The early history of the use of radioactive iodine (RAI) is complicated
and interesting, and also difficult to discover, especially since several
histories have presented inaccurate content. This article is a compre-
hensive review of the accomplishments of Saul Hertz. Extensive use
of primary-source verification has clarified several issues, including
the question of whether Hertz alone conceived and asked the pivotal
question: “Could iodine be made radioactive artificially?”; on what
date RAI was first used to treat hyperthyroidism; and why 2 articles on
the first use of RAI for treatment of hyperthyroidism, from 2 different
sets of authors from the same department of the same institution,
appeared adjacent to each other in the same issue of the Journal of
the American Medical Association in 1946. Our review also chronicles
several major challenges that Hertz overcame to produce his pivotal
work. Hertz was clearly the originator and a visionary of RAI therapy in
benign and malignant thyroid disease. We believe he can be consid-
ered one of the fathers of nuclear medicine. Hertz’'s paradigm-
changing work was a pivotal medical discovery of the 20th century.
The legacy of Hertz continues while the application of RAI therapy
continues to evolve. RAI therapy remains the preferred treatment in
most situations for autonomous nodules and toxic multinodular goiter
and remains a safe and effective treatment for Graves disease after
more than 80y of global clinical use. RAI treatment of differentiated
thyroid cancer remains a first-line treatment for most patients after
surgery, especially for those with intermediate- or high-risk disease.

Key Words: Saul Hertz; radioactive iodine; hyperthyroidism; thyroid
cancer; theranostics
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In the landscape of medical history and innovation, few figures
exemplify the blend of groundbreaking scientific achievement and
selfless service as well as Saul Hertz does. Born on April 20,
1905, Hertz’s journey in medicine began with his graduation from
Harvard Medical School in 1929, a time of strict quotas for outsi-
ders. He served as chief of the Thyroid Unit at Massachusetts Gen-
eral Hospital (MGH) from 1931 to 1943. Despite the promise of a
burgeoning research and clinical career, Hertz’s path took a detour
as he answered the call of duty, serving as a commander in the
U.S. Navy during the tumultuous years of World War II from
1943 to 1945. Tragically, his life and career were cut short when
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ACCOMPLISHMENTS OF SAUL HERTZ *

he passed away on July 28, 1950, at the age of 45 because of a
myocardial infarction, as confirmed by autopsy. This review arti-
cle seeks to explore not just the professional milestones of Hertz
but also the personal and historical context that shaped his remark-
able, albeit too brief, journey through life and medicine (Table 1).

Four scientific advancements and discoveries provide the basis
for the pivotal question and subsequent research and clinical work
of Hertz. These include the understanding of the role of iodine in
thyroid metabolism and function, the discovery of radioactivity,
the development of the tracer principle, and the production of arti-
ficial radioactivity (/).

On November 12, 1936, Karl Compton, president of the Massa-
chusetts Institute of Technology, presented to the faculty at the
Harvard Medical School a guest lecture entitled, “What Physics
Can Do for Biology and Medicine” as part of a weekly lecture
series and luncheon. At the conclusion of the lecture, Hertz solely
conceived and spontaneously asked the pivotal question “Could
iodine be made radioactive artificially?” Karl Compton was uncer-
tain and said he would look into it. He wrote back to Hertz on
December 15, 1936, apologized for the delayed response, and
wrote, “lodine can be made artificially radioactive.” In fact, Enrico
Fermi had produced '2%T in 1934, and earlier in 1934, Frederic
Joliot and Irene Joliot-Curie created artificial radioactivity, for
which they received the Nobel Prize for Chemistry in 1935. Let-
ters between Hertz and Compton make it clear that the idea of
using radioactive isotopes to study metabolism came solely from
Hertz (1—4). The fact that Hertz solely asked the question was con-
firmed by James Means, chief of medical services at MGH, in a
letter to the Markle Foundation (Fig. 3 in (2)) in which he stated,
“when it became apparent that there might be radioactive isotopes
of iodine, it at once occurred to Hertz that we might make use of
them to solve a problem we were already working on” (/-5). Rob-
ley Evans, director of the Massachusetts Institute of Technology
Radiation Laboratory, also wrote a letter of recommendation to
the Navy confirming that Hertz was the one who conceived the
idea of using radioactive iodine (RAI) for research and therapy of
thyroid disease (5).

Hertz collaborated with Arthur Roberts, a medical physicist
who was hired at Massachusetts Institute of Technology by Rob-
ley Evans. Earle Chapman was an endocrinologist in the MGH
Thyroid Clinic. When Hertz was leaving MGH to join the Navy in
1943, Hertz asked Chapman to supervise the clinical trials and fol-
low the established protocols, to which Chapman agreed. How-
ever, Chapman changed the protocols. John Stanbury was an
endocrinologist in the Thyroid Clinic, who wrote a book on the
history of the MGH Thyroid Clinic from 1913 to 1990. Unfortu-
nately, the book contained significant misinformation. Roberts
wrote a letter to Stanbury on April 3, 1991, in an attempt to correct
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FIGURE 1. Hertz with his assistant and multiscaler probe. (Colorized
version made using hotpot.ai deep learning.)

the misinformation. Roberts also stated in the letter, “Evans made
it a condition of my employment that his name was to appear on
all publications” (2). Hertz and Roberts included Evans on the first
2 papers, but not after that, since Evans never participated in any
of the studies (5). It is to be noted that Hertz and Roberts designed
the research, executed the work, analyzed the data, and wrote the
papers (4). Evans was not involved in any of those activities.
Evans directed the laboratory that initially provided the neutron
source to produce RAIL. The Massachusetts Institute of Technology
cyclotron produced greater quantities of RAI that were critically
important for RAI therapy.

Although it is often assumed science and scientific endeavor
occur in a world isolated from the prejudices and mores of the
time, this is sadly hardly ever the case. At the time Hertz was
working and publishing his research, he was living and working in
a city in which antisemitic opinion and actions had become com-
monplace. In the 1930s, Boston was the most anti-Jewish city in
the United States and the headquarters of an organization called
the Christian Front (6). Until 1941, this organization, at the very

TABLE 2
Awards and Honors Received by Saul Hertz

Year Award or honor

1931-1933 Dalton Scholar, MGH

1935-1937 Henry Pickering Wolcott Fellow, Harvard
Medical School

1940 Key to Science/Sigma Xi Chapter of
Massachusetts Institute of Technology

1941 Elected member of American Society for
Clinical Investigation (“Young Turks”
Society)

1946 Honorable Mention, American Goiter
Association Van Meter Award

2021* Honored by American Chemical Society
with National Historical Chemical
landmark designation at MGH

Honored by U.S. Congress for pioneering

work in developing medical applications
for RAI

2023* As originator of precision targeted

personalized medicine, honored by
Northeastern Chapter of American
Chemical Society with Saul Hertz
Memorial Symposium

*Posthumously honored.

time that Hertz was working in Boston, was financed and led by
the national socialist (Nazi) government in Germany. Even after
the United States entered the war against Germany, the organiza-
tion continued to flourish and organize antisemitic protest marches
through the streets of Boston. The organization was implicated in
physical attacks on Jewish men and boys up to the end of 1943.
Hertz faced and overcame several major challenges during his
career: pushback from surgeons, who were concerned that he was
taking business from them; interruption of his clinical studies by
World War II; questionable ethics in medical publishing (ghost
authoring); others trying to steal credit for his work; and confron-
tation with strict quotas and restrictions—he was a target of per-
sonal and systemic antisemitism.
The true story of Hertz includes elements of exploitation, failure
to honor those who served in the war,

greed, stolen intellectual property, and
antisemitism. Evans deliberately muddied
the waters as to the truth regarding
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whether Hertz was the one who asked the
pivotal question. The truth was explained
in April 2016 by MGH’s chairman emeri-
tus of the Department of Radiology,
James Thrall, who stated, ... Chapman
and Evans had basically stolen Hertz’s
work ... the most flagrant, unethical, aca-
demically reprehensible behavior ... worst
yet.... Chapman and Evans spent a
great deal of time and effort rewriting his-
tory” (7).

FIGURE 2. Boston Traveler newspaper of September 30, 1949, announcing new research division
where radioactive isotopes were to be used in study and treatment of disease.

ACCOMPLISHMENTS OF SAUL HERTZ ¢

In 1946, there were 2 adjacent publica-
tions in the same May 11 issue of Journal
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TABLE 3
Legacy of Saul Hertz

Category

Legacy

Revolutionizing of ...

Thyroid disease management with use of RAI therapy, which has become standard of care for

benign thyroid disease (hyperthyroidism) and for differentiated thyroid cancer (papillary and

follicular cell)
Establishment of ...

Culture of collaboration (between physicians and physicists, between departments, between

institutions, and with government agencies)

Culture of safety (patient safety and proposal of review process to investigate infringement of
rights of physicians by hospital boards)

Theranostic approach for cancer therapy

Nuclear medicine as medical specialty

Development of ...

Detection device (multiscaler uptake probe, which is believed to have influenced development

of rectilinear scanner [Bennedict Cassen, 1950] and y-camera [Hal Anger, 1958])

Radiotracer for detectability and localization, and subsequent use of many different
radiotracers in diagnosis and treatment

Realization of ...
Increasing use of ...
Continuing evolution of ...

Use of dosimetry for effective treatment using personalized targeted therapy
Radiopharmaceutical therapy for many different cancers*
Applications of RAI therapy, which remains preferred in most situations for autonomous

nodules and toxic multinodular goiter, remains safe and effective for Graves disease after
more than 80y of clinical use worldwide, and remains first-line treatment for most
differentiated thyroid cancer patients after surgery, especially those with intermediate or
high-risk disease (use of dosimetry is increasingly recognized as valuable in treatment of

thyroid disease; tumor hetero
targeted treatments such as '

gﬁ,neity has been identified as key factor limiting response to

I; and imaging with >4 and '®F-FDG PET/CT has role in

selecting patients and directing therapy, marking new area of personalized medicine)

Eponym of ...
of nuclear theranostics)"

Saul Hertz World Theranostics Day (celebrating ongoing innovation and advancement in field

Saul Hertz Award and Symposium, Society of Nuclear Medicine and Molecule Imaging (lifetime
achievement award for outstanding contributions to radionuclide therapy)

Saul Hertz Young Investigator Award, South African Society of Nuclear Medicine

Saul Hertz Young Investigator Award, Indian Society of Nuclear Medicine

Saul Hertz Young Investigator Award, Pakistan Society of Nuclear Medicine

Saul Hertz Memorial Prize, British Nuclear Medicine Society (best oral paper and best paper
concerning science or delivery of radionuclide therapy)

Saul Hertz Memorial Lecture Preceptorship, Prostate Theranostics and Imaging Centre of

Excellence

*Hertz was quoted in The American Weekly Magazine on June 2, 1946, as saying “ ... demand is expected in the fields of cancer and

leukaemia for other radioactive medicines.”

TOn March 31, 1941, using Massachusetts Institute of Technology cyclotron-produced RAI, Hertz initially used mixture of '*°I (90%)
and "®'1 (10%) to treat Graves disease patient Elizabeth D. This date is now established as Saul Hertz World Theranostics Day. He
presented results of first 10 patients in 1942 to Markle Foundation. Initially, 29 patients were treated, and results were published in 5-y
follow-up in Journal of the American Medical Association in 1946. Twenty of 29 were considered cured, and 6 others had partial response

to RAl therapy (7-3).

of the American Medical Association, from the same laboratory on
the same topic—the first successful use of RAI to treat hyperthy-
roidism. The editor of that journal from 1924 to 1950 was Morris
Fishbein, who was aware of the previous 6 papers by Hertz and
Roberts. He first received a paper from Chapman and Evans. Fish-
bein sent it back for revision, since it was too long. Fishbein was
also concerned that the studies on the same topic from the same
laboratory did not include Hertz and Roberts and did not even ref-
erence them. Fishbein contacted Means, who assured Fishbein that
the Chapman and Evans article was legitimate and that their article
was based on a series of different patients. Fishbein contacted
Hertz and asked him to submit his paper with the results of his first
clinical trial, which he did. After negotiation, Fishbein published

662

both papers next to each other and placed the Hertz and Roberts
paper first, to acknowledge their pioneer status, since those studies
were done first (8,9). This issue is discussed further in a paper by
Obaldo and Hertz (5).

History records Hertz, with Roberts, as a pioneer of RAI ther-
apy and as establishing nuclear medicine as a new specialty of
medicine (Figs. 1 and 2). Hertz created a dynamic and enduring
fundamental change in modern medicine. He influenced the con-
vergence of the sciences and collaborative teams as well as the use
of uptake testing and dosimetry to develop precision targeted med-
icine. His legacy lives on today (Tables 2 and 3).

We also acknowledge John Lawrence for use of 32P for treat-
ment of leukemia in 1936 and polycythemia vera in 1937. At the
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Lawrence Berkeley National laboratory, Lawrence’s team was
also investigating RAI in the late 1930s and early 1940s and began
treating hyperthyroid patients in October 1941 (7). Also acknowl-
edged is Charles Pecher for treatment of bone sarcoma with 8°Sr
in 1941. Today, we stand on the shoulders of these giants as we
continue our efforts to develop next-generation theranostics.
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First-in-Human *'?Pb-PSMA-Targeted a-Therapy SPECT/CT
Imaging in a Patient with Metastatic Castration-Resistant

Prostate Cancer

Matthew R. Grifﬁthsl, David A. Pattisonl, Melissa Latterl, Kevin Kuanz, Stephen Taylorz, William Tieuz, Thomas Kryzaz,
Danielle Meyrick?, Boon Quan Lee®, Aaron Hansen®, Stephen E. Rose?, and Simon G. Puttick?

! Department of Nuclear Medicine and Specialist PET Services, Royal Brisbane and Women’s Hospital, Brisbane, Queensland,
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WF-DCFPyl PET/CT
B

There is significant interest in the deve-
lopment of 2'?Pb-PSMA-based targeted
a-therapy for patients with metastatic
castration-resistant prostate cancer. A previous
phantom study has shown that 2'>Pb SPECT
is feasible by imaging the 238.6 keV and 75 to
91 keV +y-emissions produced after the
B-decay of 21Pb to its c-emitting progeny ().

Here we present—to the best of our
knowledge—the first human 2'?Pb SPECT/
CT images published to date. They were
acquired after administration of 60 MBq of
212ph_ADVC001 to a 73-y-old man with
metastatic castration-resistant prostate can-
cer. This study was approved by the local
institutional review board. Imaging was at
1.5, 5, 20, and 28h after infusion. Two
simultaneous triple-energy window acquisi-
tions (78 keV = 20% with 20% scatter
[31% abundance] and 239 keV = 10% with
10% scatter [43% abundance] were ob-
tained using a Siemens Intevo Bold (high-

ET & SPECT MIP fused with luma rendor

energy collimators at 30 s per view for 120
views per rotation at 2 bed positions with
noncircular orbits; total time, 60min). Each
energy window was reconstructed indepen-
dently, and the resulting images were summed
with removal of Compton-based orbit artifacts.

Representative 2!?Pb SPECT/CT images (Fig. 1) showed rapid
tumor uptake of 2'?Pb-ADVCO001 highly concordant with tumor
burden delineated on the pretreatment 'F-DCFPyl PET/CT images.
Images acquired after 20 h showed persistent tumor uptake despite
low counts due to 2'?Pb decay (10.6 h half-life).

212pp s a challenging isotope to image because of the high-energy
vy-rays from the lead progeny generating Compton scatter from
the patient and collimator (/). Our approach of summing images
reconstructed from both energy windows shows the feasibility and
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FIGURE 1. (A) '®F-DCFPyl PET/CT and 2'?Pb SPECT/CT images showing concordant tumor bio-
distribution with low salivary gland uptake (red arrow) and rapid kidney clearance of 60 MBq
of 2"2Pb-ADVCO01 (structure of 2'?Pb-ADVCO001 available as supplemental material at http://jnm.
snmjournals.org). A 3-MBq standard solution (100 mL) was included. (B) Sagittal and coronal images
at 1.5 h after injection (p.i.). MIP = maximum-intensity projection.

benefit of '?Pb SPECT/CT imaging in providing postinfusion radio-
pharmaceutical biodistribution and patient-specific dosimetry for clini-
cal development of >'?Pb-targeted a-therapy.
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Imaging PARP Upregulation with ['>’I]I-PARPi SPECT/CT
in Small Cell Neuroendocrine Carcinoma
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Yonwaba Mzizi!, Meshack Bida® , and Mike Sathekge1
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A 61-y-old man underwent ['®F]FDG PET/CT for staging of
right-lung small cell neuroendocrine carcinoma. The images (Fig. 1A)
showed a tracer-avid right-lung mass. As part of a feasibility study
approved by the University of Pretoria Ethics Committee, the sub-
ject gave written informed consent to additionally undergo ['?*1]I-
poly(adenosine diphosphate ribosyl)-polymerase (PARP) inhibitor
(PARPi) SPECT/CT. To the best of our knowledge, this study is
the first in humans to use ['>*I]JI-PARPi to image PARP upregula-
tion in solid tumors. Images acquired at 4 h after tracer administra-
tion demonstrated ['>*I]JI-PARPi avidity in the right-lung mass.
Subsequent ['*F]JFDG PET/CT imaging obtained for response
assessment after 2 cycles (Fig. 1B) and 6 cycles (Fig. 1C) of che-
motherapy with carboplatin and etoposide continued to show the
lung mass, along with new metastases in the mediastinal nodes,
right adrenal gland, liver, and bone, consistent with disease pro-
gression. Immunohistochemistry was done using rabbit antibody
against PARP, with splenic sinusoids and tonsillar tissue as nega-
tive and positive controls, respectively. On the baseline right-lung
biopsy sample, immunohistochemistry was strongly positive for
PARP upregulation.

PARP enzymes are upregulated after single-strand DNA breaks
as part of the DNA damage response. Their upregulation confers
resistance to conventional therapies but makes treatment with
PARPi feasible. PARPi therapy is a novel option with survival ben-
efits in tumors exhibiting homologous recombination DNA repair
deficiencies (7). Without appropriate patient selection, the benefits
of PARPI therapy are limited. These can be improved by selecting
patients through use of immunohistochemistry and whole-body
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imaging for PARP upregulation (2,3). The synthesis and preclinical
characterization of ['2*I]I-PARPi have been previously reported (4).
Here, we report the feasibility of ['2*I]I-PARPi SPECT/CT as a
noninvasive tool for whole-body assessment of PARP upregulation
in lung small cell neuroendocrine carcinoma. A potential applica-
tion is patient selection and response prediction for PARPi therapy.
['ZI]I-PARPi may have therapeutic use by harnessing the cytotoxic
effect of the emitted Auger electron.
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FIGURE 1. Imaging at baseline (A), early response assessment (B), and end of therapy (C). Shown from top to bottom are transaxial PET/CT, transaxial
4-h SPECT/CT, immunohistochemistry (X20 hematoxylin and eosin staining at left, X10 PARP staining at middle and right), maximume-intensity-
projection PET, and PET/CT. Hypermetabolic lung mass is seen on PET/CT (SUVax, 3.8) and SPECT/CT at baseline. Uptake on both modalities persists
at early response assessment and at end of therapy (SUVnax, 4.5 and 4.9, respectively). Immunohistochemistry was strongly positive for PARP upregula-
tion. Disease progression was noted on maximume-intensity projections and on PET/CT, with new lymph node metastases indicated by amber arrow
above orange arrow seen on both maximum-intensity projection and PET/CT imaging (SUVmax, 4.5), adrenal gland metastases indicated by blue arrow
on maximum-intensity projection images, liver metastases indicated by green arrow on both maximume-intensity projection and PET/CT images, bone
metastases indicated by yellow arrow in the maximum-intensity projection images and PET/CT images (last row, third column). %IA = percentage
injected activity.
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