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Attend the
SNMMI Fall

Therapeutics

November 17-19, 2022

Conference

Registration is now available for the SNMMI Fall Therapeutics
Conference, November 17-19, 2022, at the Gaylord National
Resort and Convention Center, located on the Potomac River in

the Washington, DC metropolitan area. The resort is a short

distance from both downtown DC and historic Old Town

Alexandria, and is accessible to all three DC area airports. This

two-and-a-half-day event will explore the latest innovations and

clinical applications in radiopharmaceutical therapy, including:

Setting up a Theranostics Clinic

Thyroid Therapies
Prostate Therapies
Neuroendocrine Therapies
Pediatric Therapies

Radiopharmaceutical Supply Chain

Dosimetry for Therapies
Therapy Clinical Trials Primer

Register today: www.snmmi.org/TC2022
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e Used in over 10 million patients
since 19913
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INDICATIONS AND USAGE

Myocardial Imaging: Cardiolite® (Kit for the Preparation of Technetium Tc99m Sestamibi for Injection), is a myocardial perfusion agent that is
indicated for detecting coronary artery disease by localizing myocardial ischemia (reversible defects) and infarction (non-reversible defects),
in evaluating myocardial function and developing information for use in patient management decisions. Cardiolite® evaluation of myocardial
ischemia can be accomplished with rest and cardiovascular stress techniques (e.g. exercise or pharmacologic stress in accordance with the
pharmacologic stress agent's labeling).

CONTRAINDICATIONS

None known.

IMPORTANT SAFETY INFORMATION

In studying patients in whom cardiac disease is known or suspected, care should be taken to assure continuous monitoring and treatment
in accordance with safe, accepted clinical procedure.

Caution should be exercised and emergency equipment should be available when administering Cardiolite®.

Before administering Cardiolite® patients should be asked about the possibility of allergic reactions to either Cardiolite® or Miraluma®.
Miraluma® is an identical compound used in breast imaging.

The contents of the vial are intended only for use in the preparation of Technetium Tc99m Sestamibi and are not to be administered directly
to the patient without first undergoing the preparative procedure.

Please see following page(s) for brief Prescribing Information. Full Prescribing Information may be accessed at
https://www.lantheus.com/assets/Cardiolite-US-PI-513121-0619mktg.pdf

y LANTHEUS

Trademarks, registered or otherwise, are the properties of their respective owner(s).
©2022 Lantheus Medical Imaging, Inc. All rights reserved. July 2022 PM-US-CA-0006
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FOR DIAGNOSTIC USE

BRIEF SUMMARY
Please see Full Prescribing Information available at https://www.lantheus.com/
assets/Cardiolite-US-PI-513121-0619mktg.pdf for complete information.

INDICATION AND USAGE

Myocardial Imaging: CARDIOLITE’, Kit for the Preparation of Technetium Tc99m
Sestamibi for Injection, is a myocardial perfusion agent that is indicated for
detecting coronary artery disease by localizing myocardial ischemia (reversible
defects) and infarction (non-reversible defects), in evaluating myocardial function
and developing information for use in patient management decisions. CARDIOLITE®
evaluation of myocardial ischemia can be accomplished with rest and cardiovascu-
lar stress techniques (e.g., exercise or pharmacologic stress in accordance with the
pharmacologic stress agent’s labeling).

It is usually not possible to determine the age of a myocardial infarction or to differ-
entiate a recent myocardial infarction from ischemia.

Breast Imaging: MIRALUMA’, Kit for the Preparation of Technetium Tc99m Sesta-
mibi for Injection, is indicated for planar imaging as a second line diagnostic drug
after mammography to assist in the evaluation of breast lesions in patients with an
abnormal mammogram or a palpable breast mass.

MIRALUMA' is not indicated for breast cancer screening, to confirm the presence or
absence of malignancy, and it is not an alternative to biopsy.

CONTRAINDICATIONS

None known

WARNINGS AND PRECAUTIONS

Warnings

In studying patients in whom cardiac disease is known or suspected, care should
be taken to assure continuous monitoring and treatment in accordance with safe,
accepted clinical procedure. Infrequently, death has occurred 4 to 24 hours after
Tc99m Sestamibi use and is usually associated with exercise stress testing.

Pharmacologic induction of cardiovascular stress may be associated with serious
adverse events such as myocardial infarction, arrhythmia, hypotension, bronchoc-
onstriction and cerebrovascular events. Caution should be used when pharma-
cologic stress is selected as an alternative to exercise; it should be used when
indicated and in accordance with the pharmacologic stress agent’s labeling.

Technetium Tc99m Sestamibi has been rarely associated with acute severe allergic
and anaphylactic events of angioedema and generalized urticaria. In some patients
the allergic symptoms developed on the second injection during CARDIOLITE® im-
aging. Patients who receive CARDIOLITE® or MIRALUMA® imaging are receiving the
same drug. Caution should be exercised and emergency equipment should be avail-
able when administering Technetium Tc99m Sestamibi. Also, before administering
either CARDIOLITE® or MIRALUMA’, patients should be asked about the possibility of
allergic reactions to either drug.

General Precautions

The contents of the vial are intended only for use in the preparation of Technetium
Tc99m Sestamibi and are not to be administered directly to the patient without first
undergoing the preparative procedure.

Radioactive drugs must be handled with care and appropriate safety measures
should be used to minimize radiation exposure to clinical personnel. Also, care
should be taken to minimize radiation exposure to the patients consistent with

proper patient management.

Contents of the kit before preparation are not radioactive. However, after the
Sodium Pertechnetate Tc99m Injection is added, adequate shielding of the final
preparation must be maintained. The components of the kit are sterile and non-py-
rogenic. It is essential to follow directions carefully and to adhere to strict aseptic
procedures during preparation.

Technetium Tc99m labeling reactions depend on maintaining the stannous ion
in the reduced state. Hence, Sodium Pertechnetate Tc99m Injection containing
oxidants should not be used.

Technetium Tc99m Sestamibi should not be used more than six hours after
preparation.

Radiopharmaceuticals should be used only by physicians who are qualified by
training and experience in the safe use and handling of radionuclides and whose
experience and training have been approved by the appropriate government
agency authorized to license the use of radionuclides.

Stress testing should be performed only under the supervision of a qualified
physician and in a laboratory equipped with appropriate resuscitation and support
apparatus.

The most frequent exercise stress test endpoints sufficient to stop the test
reported during controlled studies (two-thirds were cardiac patients) were:

Fatigue 35%
Dyspnea 17%
Chest Pain 16%

ST-depression 7%
Arrhythmia 1%

ADVERSE REACTIONS

Adverse events were evaluated in 3741 adults who were evaluated in clinical
studies. Of these patients, 3068 (77% men, 22% women, and 0.7% of the patient’s
genders were not recorded) were in cardiac clinical trials and 673 (100% women)
in breast imaging trials. Cases of angina, chest pain, and death have occurred.
Adverse events reported at a rate of 0.5% or greater after receiving Technetium
Tc99m Sestamibi administration are shown in the following table:

Table 2.0
Selected Adverse Events Reported in > 0.5% of
Patients Who Received Technetium Tc99m Sestamibi
in Either Breast or Cardiac Clinical Studies*
Body System Breast Studies | Cardiac Studies
Women Women Men Total
n=0673 n =685 n = 2361 n = 3046
Body as a Whole 21(3.1%) 6(0.9%)| 17(0.7%) | 23(0.8%)
Headache 11 (1.6%) 2(0.3%) 4(0.2%) 6 (0.2%)
Cardiovascular 9(1.3%) [24(3.5%)| 75(3.2%) | 99 (3.3%)
Chest Pain/Angina 0(0%) |18(2.6%)| 46(1.9%) | 64 (2.1%)
ST segment changes 0(0%) |11(1.6%)| 29(1.2%) | 40 (1.3%)
Digestive System 8 (1.2%) 4(0.6%) 9 (0.4%) 3(0.4%)
Nausea 4(0.6%) 1(0.1%) 2(0.1%) 3(0.1%)
Special Senses 132(19.6%) | 62(9.1%) | 160 (6.8%) | 222 (7.3%)
Taste Perversion 129 (19.2%) |60 (8.8%) | 157 ( .6%) | 217 (7.1%)
Parosmia 8(1.2%) 6 (0.9%) 0 (0.4%) 6 (0.5%)
*Excludes the 22 patients whose gender was not recorded.

In the clinical studies for breast imaging, breast pain was reported in 12 (1.7%) of
the patients. In 11 of these patients the pain appears to be associated with biopsy/
surgical procedures.

The following adverse reactions have been reported in 0.5% of patients: signs and
symptoms consistent with seizure occurring shortly after administration of the
agent; transient arthritis, angioedema, arrythmia, dizziness, syncope, abdominal
pain, vomiting, and severe hypersensitivity characterized by dyspnea, hypoten-
sion, bradycardia, asthenia, and vomiting within two hours after a second injection
of Technetium Tc99m Sestamibi. A few cases of flushing, edema, injection site
inflammation, dry mouth, fever, pruritis, rash, urticaria and fatigue have also been
attributed to administration of the agent.

DRUG INTERACTIONS
Specific drug-drug interactions have not been studied.
OVERDOSAGE

The clinical consequences of overdosing with CARDIOLITE®
are not known.

PATIENT COUNSELING INFORMATION

CARDIOLITE® and MIRALUMA® are different names for the same drug. Patients
should be advised to inform their health care provider if they had an allergic reac-
tion to either drug or if they had an imaging study with either drug.

Lactation: Interruption of breastfeeding after exposure to Technetium Tc99m Ses-
tamibi is not necessary, however, a lactating woman should be advised to consider
restricting close contact with her breast fed infant to a maximum of 5 hours in

the 24 hour period after Technetium Tc99m Sestamibi administration in order to
minimize radiation exposure.

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

Distributed by:
Lantheus Medical Imaging®
331 Treble Cove Road, N. Billerica, Massachusetts 01862 USA
For Ordering Tel: Toll Free: 800-299-3431
All Other Business: 800-362-2668
(For Massachusetts and International call 978-667-9531)

‘ LANTHEUS

PM-US-CA-0007 513121-0619



SNMMI Honors Contributors, Recognizes Scientific
Excellence at 2022 Annual Meeting

uring its 2022 Annual Meeting, held in Vancouver,

Canada, from June 11 to 14, SNMMI recognized con-

tributions to the society and to the field of nuclear
medicine, as well as excellence in scientific abstracts and post-
ers. Several award ceremonies were held in plenary and other
sessions to recognize service, scientific contributions, and the
valuable roles SNMMI members play in advancing the diag-
nosis and treatment of cancer, heart disease, neurologic, and
other conditions.

SNMMI Presidential Distinguished Service Awards

SNMMI Presidential Distinguished Service Awards are
given annually to individuals who have made significant
impacts within SNMMI during the tenure of each society pres-
ident. The 9 individuals recognized in 2022 by 2021-2022
President Richard Wahl, MD, have been instrumental in
SNMMI outreach efforts, including in virtual education inno-
vations during the pandemic. They were each praised for their
“significant contributions to the field of nuclear medicine and
molecular imaging.” Awardees included: Daniel Lee, MD
(Ochsner Medical Center; New Orleans, LA), for extraordinary
leadership as cochair of the SNMMI Therapy Strategic Plan-
ning Task Force and president of the SNMMI Therapy Center
of Excellence; John Sunderland, PhD (University of lowa Car-
ver College of Medicine; lowa City), for outstanding efforts on
The Journal of Nuclear Medicine dosimetry supplement (J
Nucl Med. 2021;62[suppl 3]); Phillip Koo, MD (Banner MD
Anderson Cancer Center; Gilbert, AZ), for extraordinary ser-
vice as cochair of the SNMMI Theranostics Symposia and
chair of the SNMMI Quality Committee; Bonnie Clarke for
outstanding service as Senior Director of Research and Discov-
ery and Quality at SNMMI; Arman Rahmim, PhD (University
of British Columbia; Vancouver, Canada), and Ronald Boel-
laard, PhD (VU University Medical Center; Amsterdam, The
Netherlands), for their service as cochairs of the SNMMI Arti-
ficial Intelligence Task Force; Pat Zanzonico, PhD (Memorial
Sloan Kettering Cancer Center; New York, NY), for extraordi-
nary service as cochair of the SNMMI Dosimetry Task Force;
and George Sgouros, PhD (Johns Hopkins Medicine; Balti-
more, MD), for outstanding service as cochair of the SNMMI
Dosimetry Task Force. Harvey Ziessman, MD, received the
SNMMI Presidential Distinguished Educator Award, which
recognizes SNMMI members who have demonstrated out-
standing service and dedication to the field of nuclear medicine
through their educational efforts. He was commended for his
commitment to global education and training of nuclear medi-
cine professionals, from residents to senior leaders.

International Best Abstract Award Winners

In recognition of the increasing representation of physicists,
scientists, and others from the global community at its Annual

(W)

FIGURE 1. 2021-2022 President Richard Wahl, MD, presented the Pres-
idential Distinguished Service Awards.

Meeting, SNMMI created the International Best Abstract
Awards, given to the highest scoring accepted abstracts from
each country. For 2022, the awardees included:

Australia: Jackson et al., “Real-world lesion and renal
dosimetry for peptide receptor radionuclide therapy (PRRT)”;
Austria: Beheshti et al., “Predictive value and accuracy of PET
modified response criteria for immunotherapy in patients with
advanced melanoma”; Azerbaijan: Novruzov et al., “Head to
head comparison of ®®Ga-FAPI-46 PET/CT and '8F-FDG
PET/CT in breast carcinoma staging: A clinical trial update
from Azerbaijan”; Belgium: D’Huyvetter et al., “Preclinical
endoradiotherapy using a radiolabeled single-domain antibody
targeting fibroblast activation protein”; Brazil: Minozzo et al.,
“Radionuclides used in nuclear therapeutic medicine: A brief
history, properties and main relevant studies of radionuclides
with mass number less than 100”; Canada: Lin et al., “Effects
of replacing Glu in the PSMA-targeting Lys-urea-Glu pharma-
cophore of ®Ga-HTK03041 with a close derivative on the
uptake of tumor xenograft, kidneys and salivary glands”;
China: Song et al., “Non-invasive visualization of liver fibrosis
with gallium-68-labeled fibroblast activation protein inhibitor”;
Denmark: Carlsen et al., “Prospective phase II trial of prognos-
tication by ®Ga-NODAGA-E[c¢(RGDyK)]2 PET/CT for integ-
rin alpha v beta 3 imaging in patients with neuroendocrine
neoplasms”; Egypt: Nasr et al., “The value of '8F-FDG PET/
CT in detection of osteomyelitis in patients with stage IV
pressure ulcers”; France: Gauthe et al., “Phase III study of
18F_PSMA-1007 versus '3F-fluorocholine PET to compare
the detection rate of prostate cancer lesions in patients with
biochemical recurrence after previous definitive treatment
for localized prostate cancer”; Herrmann et al., “Multi-cycle
dosimetry of '”7Lu-PSMA-617 for the treatment of meta-
static castration-resistant prostate cancer: results from the
VISION trial sub-study”’; Koutsikos et al., “The role of lym-
phoscintigraphy in breast cancer recurrence”; Hong Kong:
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FIGURE 2. Nicolas Baudouin, Consul General of France in Vancouver,
spoke as part of activities celebrating France as the Highlight Country of
the 2022 Annual Meeting.

Ho et al., “Choice of tyrosine kinase inhibitor (TKI) or
immune check-point inhibitor guided by dual-tracer (!!C-
acetate and '8F-FDG) PET/CT improves the progression-
free survival in patients with advanced or metastatic HCC”;
India: Bal et al., “A phase II clinical study on ?>>Ac-DOTA-
TATE therapy in advanced stage gastroenteropancreatic neu-
roendocrine tumor patients”; Iran: Roustaei et al., “In vivo
assessment of CXCR4 receptor expression in high-grade gli-
oma using °8Ga-pentixafor PET/CT”; Ireland: Gu et al.,
“Feasibility of standard and generalized Patlak models for
dynamic imaging of multiple organs using the uEXPLORER
PET scanner”; Israel: Chicheportiche et al., “Can absorbed
doses by organs and tumors after PRRT be predicted from
the pre-therapeutic ®®Ga-DOTATATE PET/CT study?”;
Italy: Bezzi et al., “Imaging parameters and machine learn-
ing models to evaluate the prognostic role of '8F-FDG PET
in staging endometrial cancer patients”; Japan: Hu et al.,
“Chemically evolutionary screening of cyclic peptides for
PET imaging of PD-L1 protein in tumors”; Jordan: Juweid
et al., “Effect of degenerative lumbar changes on trabecular
bone score (TBS) in patients assessed for osteoporosis in rou-
tine clinical practice”; Kenya: Munemo et al., “Comparison of
two methods of semi-quantitative analysis of FDG PET brain
scans”; Macao: Chen et al., “Voxel-S-value based treatment
planning methods using Tc-99m-MAA SPECT/CT for liver
radioembolization”; Mexico: Cardoza-Ochoa et al., “Vaccine-
associated hypermetabolic lymphadenopathy on '8F-FDG
PET/CT: Experience from a single center in Mexico”; The
Netherlands: Eertink et al., “!8F-FDG PET radiomics features
result in more accurate prediction of outcome for DLBCL
patients than currently used IPI score”; Norway: Kyassheim
et al., “Quantitative imaging of Pb-212”; Pakistan: Jabeen et al.,
“Rising frequency of differentiated thyroid cancer in younger
population”; Philippines: Pascual et al., “Cost-effectiveness of
F-18 FDG PET/CT in lung and colorectal cancer: A systematic
review and narrative synthesis”; Poland: Malkowski et al.,
“I8F_.FET-PET/MR-guided biopsies of contrast-enhancing
gliomas: A prospective study”’; Romania: Niculae et al.,
“Innovative theranostic agents for colon cancers, based on

peptide-functionalized iron oxide nanoparticles: Preclinical
evaluation”; Serbia: Mihailovic et al., “The diagnostic value
of F-18 FDG-PET/CT imaging in detection of recurrent and
metastatic breast cancer”; Singapore: Zhang et al., “Long-
term efficacy, survival, and toxicity of peptide receptor
radionuclide therapy in patients with refractory meningi-
oma”; South Africa: Maserumule et al., “Initial experience
of lung metastases response to 22Ac-PSMA-617 therapy in
metastatic prostate adenocarcinoma”; South Korea: Ryoo
et al., “Distinct subtypes of spatial brain metabolism patterns
in Alzheimer’s disease identified by deep learning-based FDG
PET clusters”; Spain: Riveira et al., “Predictive value of
dose metrics from **™Tc-MAA compared to °°Y SPECT/CT
in dosimetry-guided personalized SIRT of hepatocellular
carcinoma”; Sri Lanka: Wimalarathne et al., “Impact of time-
of-flight (TOF) reconstruction on 40-segmented brain volumes
of (+) AD patients with short-lived ' C-Pittsburgh compound-
B PET/MR imaging”; Sweden: Lubberink et al., “Evaluation
of DOTA as a marker for myocardial blood flow using *3Ga-
DOTA and 'SO-water PET”; Switzerland: Shiri et al., “Cross-
site PET image harmonization by using unsupervised deep
generative adversarial network for improving quantitative indi-
ces reproducibility”; Taiwan: Guan et al., “A novel ""Lu-
labeled dual CAO9-targeted probe as a potential theranostic
radiopharmaceutical for hypoxic colorectal cancer diagnosis
and therapy”; Thailand: Thientunyakit et al., “Multi-modal
neuroimaging studies in default mode network areas in predict-
ing a progressive neurocognitive decline in patients with mild
cognitive impairment (MCI)”; United Kingdom: Pemberton
et al,, “Software compatibility analysis for quantitative
measures of '8F-flutemetamol amyloid PET burden”; Uru-
guay: Zirbesegger et al., “Cellular specificity assessment
and longitudinal PET study in a transgenic mice model of a
18F-labelled sulforhodamine 101 in astrocytosis processes
in Alzheimer’s disease”; and Yemen: Alobthani et al., “FDG
PET/CT is more likely to detect the primary source of the
cancer of unknown primary when presented with cervical
lymph nodes metastasis.”

In addition, the Education and Research Foundation for
Nuclear Medicine and Molecular Imaging/SNMMI this year
presented a Best COVID-19 (Physician/Scientist) Award to
Khandekwal et al. (Lucknow, India) for “A prospective study
to investigate the implementation of semiquantitative inflam-
matory load in post-COVID-19 lung disease (PCLD) to strate-
gize therapy” and a Best COVID-19 (Technologist) Award to
Vyas et al. (Auckland, New Zealand) for ““A model for remote
installation of radiochemistry synthesiser; Trasis—AllInOne:
One step forward to beat Covid-19 pandemic.”

Award-Winning Posters

More than 800 posters were on display in the Exhibit
Hall at the SNMMI Annual Meeting in Vancouver, with mul-
tiple ask-the-author sessions and point-of-display discussions.
Winning posters and e-posters were selected from the top 10
candidates in each scientific track, based on visual appear-
ance/quality, content, and original scientific contribution.
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FIGURE 3. More than 800 posters, including e-posters, were available in
the Scientific Exhibit Hall at the 2022 SNMMI Annual Meeting.

Posters are available on the website of The Journal of
Nuclear Medicine at: https://jnm.snmjournals.org/content/
snmmi-annual-meeting-abstracts. Poster awardees included:

Cardiovascular Track: First place, Diekmann et al.,
“Cardiac molecular PET-imaging of fibroblast activation in
patients with aortic stenosis undergoing transcatheter aortic
valve implantation (TAVI)”; second place, Thorn et al., “Early
cardiac gated blood pool imaging with “hotspot” agent pro-
vides simultaneous assessment of left ventricular function
in an ischemia-reperfusion model”; and third place, Miller
et al., “Development and external validation of ischemia
risk scores.”

Educational Track: First place, Suthar et al., “!8F-FDG
PET/CT imaging features of parotid lesions: Case based
pictorial review and its multi-modality correlation”; sec-
ond place, Schroeder et al., “Cue up the video: Visual
learning for efficient orientation of trainees to their nuclear
medicine rotations”; and third place, Ali et al. “Renal scintig-
raphy following kidney transplantation: ATN, rejection, and
more.”

General Clinical Specialties Track: First place, Bini et al.,
“Liver and brain levels of 11B-hydroxysteroid dehydroge-
nase type 1 enzyme in obesity: Preliminary results from
PET imaging studies”; Paravastu et al., “Quantitative analy-
sis of '8F-NaF-PET/CT imaging: Evaluation of denosumab
treatment in fibrous dysplasia”; and third place, Lawrence
et al., ““™Tc-macroaggregated albumin (MAA) stability

when used in the SNMMI Procedure Guideline for Adult
Solid-Meal Gastric-Emptying Scintigraphy.”

Molecular Targeting Probes, Radioactive and Nonradioac-
tive Track: First place, Mueller et al., “Radiopharmaceutical
production of [Pb-203]VMT-a-NET for clinical use”; second
place, Yu et al., “Development and preliminary evaluations of
novel PET tracers for imaging TARP +y-8 receptors”; and third
place, Naka et al., “Development of a novel LAT1-selective
PET probe for improved tumor retention.”

Neurosciences Track: First place, Zirbesegger et al.,
“Cellular specificity assessment and longitudinal PET study
in a transgenic mice model of a '8F-labelled sulforhodamine
101 in astrocytosis processes in Alzheimer’s disease”; sec-
ond place, Takahashi et al., “Small brain nuclei identifica-
tion using helmet-type positron emission tomography in
healthy volunteers”; and third place, Neelamegam et al.,
“Preclinical evaluation of ['!C]MPC-6827, a microtubule
PET tracer in synucleinopathy.”

Oncology Basic and Translational Track: First place,
Hoffman et al., “In vitro targeted radionuclide therapy studies
of a PARP-targeted Meitner-Auger electron emitting radio-
pharmaceutical”’; second place, Watabe et al., “Targeted alpha
therapy using astatine (*!''At)-labeled PSMAS: A preclinical
evaluation as a new novel compound”; and third place, Jea-
niean et al., “Fibroblast activation protein (FAP) as a target
for radioligand therapy in glioblastoma.”

Oncology: Clinical Therapy and Diagnosis Track: First
place, Nabavizadeh et al., “!3F-fluciclovine PET and multi-
parametric MRI to distinguish pseudoprogression from tumor
progression in post-treatment glioblastoma”; second place,
Hotta et al., “Outcome of patients with PSMA-PET/CT
screen failure by VISION criteria and treated with !77Lu-
PSMA therapy: A multicenter retrospective analysis”; and
third place, Hotta et al., “PSMA PET tumor-to-salivary
glands ratio (PSG score) to predict response to Lu-177
PSMA radioligand therapy: An international multicenter
retrospective study.”

Physics, Instrumentation, and Data Sciences Track: First
place, Woolley et al., “Development of a dynamic lung phan-
tom for use in lung ventilation studies”; second place, Cai et al.,
“An ultrahigh energy resolution SPECT system for quantita-
tive hyperspectral imaging of targeted alpha therapy”; and third
place, Pan et al., “Data-driven gated (DDG) CT: An automated
respiratory gating method to enable DDG PET/CT.”
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SNMMI LEADERSHIP UPDATE

Full Steam Ahead for Nuclear Medicine Therapy

Munir Ghesani, MD, SNMMI President

cades but have recently come into their own in a big

way. Advances have contributed to treatments for
prostate cancer, neuroendocrine tumors, meningiomas, and
lymphoma, with more on the horizon. At an SNMMI strate-
gic planning meeting held in April 2022, society leadership
identified radiopharmaceutical therapy (RPT) as a one if its
top priorities for the next 5 years. Discussions at the meeting
centered around ways to expand research, promote the use
of therapy, and make it accessible to patients, among other
topics.

SNMMI has several therapy-focused efforts in progress
and many more planned. Last year the society introduced the
Radiopharmaceutical Therapy Centers of Excellence (RPT
COEs), in which sites utilizing RPTs could apply to earn des-
ignation as a clinical or comprehensive RPTCOE. This desig-
nation shows that the site meets strict regulatory, training,
qualification, experience, and performance criteria. To date,
34 applications have been received from 22 comprehensive
sites, 8 clinical sites, and 4 basic therapy sites. Twenty-two
sites have received designation.

The Lu-177 Dosimetry Challenge demonstrated a great
interest in personalized RPT dosimetry and a need to train
more personnel to perform dosimetry. Thus, the development
of a dosimetry certificate program was recently approved by
the SNMMI Board of Directors. The certificate program will
consist of a web-based curriculum followed by an onsite prac-
ticum. It will include separate tracks for physicists, physi-
cians, and technologists. The SNMMI Board of Directors has
also approved funding for 2 nuclear oncology fellowships.
Applications for certificate programs and fellows will open
soon. For technologists, SNMMI is creating an RPT badging
program, which will include training materials on the compo-
nents of therapy delivery. Although the badging program is
not a certification or credential, it can be added to CVs to dem-
onstrate proficiency in RPT.

On the education front, SNMMI has created a Nuclear
Medicine University with educational content on RPTs and
diagnostic procedures designed for residents. In addition,
SNMMI is conducting a curriculum review to ensure that all
necessary content is available to properly train nuclear medi-
cine physicians to administer therapies.

SNMMI is also ensuring that appropriate use criteria and
procedure standards are in place to describe when RPTs
should be performed and identify the most important ele-
ments of a high-quality procedure. The society is also taking

N uclear medicine therapies have been around for de-

an active role in ensuring that other
specialties are educated about RPTs
via educational workshops (“road
shows”) and satellite symposia at
related specialty meetings focused
on prostate-specific membrane anti-
gen imaging and therapy.

The society will launch a new
therapy-specific clinical trials net-
work, the Therapy Clinical Trials
Network. The goal of this initiative
is to establish a network of investi-
gational sites with the capability of conducting clinical trials
of RPTs, similar to ARTnet in Australia and New Zealand.
SNMMI Clinical Trials Network database expertise will be
utilized to create the new network, and it is anticipated that
many of the RPTCOEs will be involved.

As the applications of nuclear medicine therapy continue
to grow, ensuring a robust workforce pipeline of both physi-
cians and technologists is always a concern. SNMMI is
developing a physician survey to identify physician work-
force needs going forward. Understanding that there is cur-
rently a shortage of therapy-focused technologists, SNMMI
is also working on both short- and long-term solutions to
grow the technologist workforce.

SNMMI will host its third annual Therapeutics Confer-
ence November 17-19 at the Gaylord National Resort in
Washington, DC (www.snmmi.org/TC2022). Following the
footprint of previous conferences, the event will explore the
latest innovations and clinical applications in RPT. Sessions
on radiopharmaceutical delivery, dosimetry, and more will
be included in the conference.

At the 2022 Annual Meeting in Vancouver, Canada,
SNMMI initiated its Mars Shot fund to radically transform the
nature of disease treatment, prevention, diagnosis, and prog-
nosis using visionary nuclear medicine procedures, RPTs, and
research projects. By supporting training pathways and fel-
lowships, our hope is to allow nuclear medicine physicians to
integrate into patient management teams as key members,
rather than as outlying suppliers of imaging and treatment.

Look for more on therapy in future issues of 7he Journal
of Nuclear Medicine, and be sure to check out the September
issue of the Journal of Nuclear Medicine Technology, which
focuses on this topic. It is an exciting time for nuclear medi-
cine therapies, and we look forward to what’s to come in the
future.

Munir Ghesani, MD
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CMS Reopens NCD for
B-Amyloid PET in Dementia and
Neurodegenerative Disease

On June 16, the Centers for Medi-
care & Medicaid Services (CMS) began
a formal reconsideration process for its
National Coverage Determination (NCD)
for Beta-Amyloid (B-Amyloid) PET in
Dementia and Neurodegenerative Dis-
ease (CAG-00431R). The current NCD
220.6.20 covers 1 -amyloid PET scan
per patient in CMS-approved studies
under coverage with evidence develop-
ment (CED). CMS opened the NCD
analysis based on stakeholder feedback,
including public comments received
during and after the April 7 finalization
of the NCD for Monoclonal Antibodies
Directed Against Amyloid for the Treat-
ment of Alzheimer’s Disease. The pur-
pose of the NCD reconsideration is to
determine whether the current policy of
1 scan per patient per lifetime should be
revised.

In a statement released after the
April 7 NCD finalization, SNMMI noted
that, “unfortunately, the decision in-
cluded no additional coverage for -
amyloid PET scans; they will continue
to be subject to the current policy,
which covers them only as required by
clinical trial protocol, and, even then,
only 1 per patient per lifetime. In stark
contrast, the decision explicitly covers
other tests for detection of 3-amyloid
(e.g., cerebral spinal fluid) without lim-
itation, despite the fact that 3-amyloid
PET is the standard of care—and, in
fact, the only test approved by the U.S.
Food and Drug Administration—for
detecting B-amyloid.”

The 30-day public comment period
for the formal reconsideration ended on
July 15, during which period SNMMI
submitted additional comments. The
proposed decision by CMS is expected
by December 16, with finalization by
March 16, 2023.

SNMMI
Centers for Medicare & Medicaid
Services

CMS Releases CY 2023
Medicare Physician Fee
Schedule Proposed Rule

The Centers for Medicare & Medic-
aid Services (CMS) released on July 7
its 2023 Medicare Physician Fee Sched-
ule (MPFS) Proposed Rule, along with
a 2023 MPFS fact sheet. Unlike the
CY2021 and CY2022 MPFSs, which
included significant changes for PET
(particularly nononcologic PET), the
CY 2023 proposed rule included few
changes. The removal or retirement of
national noncoverage for amyloid PET
or retiring national noncoverage for
NaF PET were not mentioned in the
new rule.

An SNMMI release on July 14
noted that the society had held multiple
meetings with CMS and submitted for-
mal comments on the negative impact
of national noncoverage determinations
for both NaF and amyloid tracers and
would continue to advocate for associ-
ated changes in coverage.

SNMMI pointed out several items
of interest to the nuclear medicine com-
munity in the new rule, including pro-
posed changes related to:

Conversion factors: A preliminary
summary of the proposed rule proposes
a 3.0775 PFES conversion factor in 2023,
which is a $1.53 decrease from the 2022
PFS. CMS estimates the overall impact
of the MPFS proposed changes to radi-
ology and nuclear medicine to be a 3%
decrease and to radiation oncology and
radiation therapy centers a 1% decrease,
if the rule is finalized.

Clinical labor changes: CMS pro-
poses continuing to move forward with
y 2 of the 4-y transition to updated clini-
cal labor input values. CMS proposed
updated wages for a few clinical staff
types based on information submitted
by stakeholders. The agency will con-
tinue to consider public comment related
to wage updates for clinical staff during
the remainder of the 4-y phase-in.

Practice expense (PE) data collec-
tion and calculation methodology: CMS

is seeking public comment on strate-
gies for updates to PE data collection
and methodology. The agency plans to
move forward to a standardized and rou-
tine approach to valuation of indirect PE
and has asked for feedback from stake-
holders on what this might entail. The
agency plans to propose the new ap-
proach to valuation of indirect PE in
future rulemaking. A survey on indirect
PE may be disseminated in the future.
In the current methodology, nuclear
medicine is “cross-walked” to radiol-
ogy for the purposes of indirect PE.

The MPFS proposed rule does not
mention the Appropriate Use Criteria
Program or Clinical Decision Support
implementation. However, CMS pub-
lished a statement saying that the asso-
ciated payment penalty phase will not
begin on January 1, 2023, even if the
Public Health Emergency for COVID-19
ends in 2022. Until further notice, the
educational and operations testing period
will continue. CMS added that they are
unable to forecast when the payment
penalty phase will begin.

SNMMI indicated that the society
will continue to review the proposed
rule and will provide formal comments.
A chart comparing important nuclear
medicine services in the CY 2022 and
CY 2023 MPFSs is available at: http://
www.snmmi.org/IssuesAdvocacy/con
tent.aspx?ItemNumber=6502&navItem
Number=24949.

SNMMI
Centers for Medicare & Medicaid
Services

COVID-19-Triggered Immune
Response and Neurologic
Damage

In a study published on July 5 ahead
of print in Brain, Lee et al. from the
National Institute of Neurological Dis-
orders and Stroke (NINDS; Bethesda,
MD), the Uniformed Services Univer-
sity of the Health Sciences (Bethesda,
MD), the Defense Health Agency (Silver
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Spring, MD), the New York University
School of Medicine (NY), and the Uni-
versity of Iowa Roy J. and Lucille A.
Carver College of Medicine (Iowa City)
reported on a post-mortem study charac-
terizing vascular pathology, neuroin-
flammatory changes, and cellular and
humoral immune responses in a group
of COVID-19 patients early in the course
of the pandemic. “Patients often de-
velop neurological complications with
COVID-19, but the underlying patho-
physiological process is not well under-
stood,” said Avindra Nath, MD, clinical
director at NINDS and senior author of
the study, in a NINDS press release.
“We had previously shown blood vessel
damage and inflammation in patients’
brains at autopsy, but we didn’t under-
stand the cause of the damage.”

The study included autopsy results
from 9 individuals (7 men, 2 women;
age range, 24-73 y) who died suddenly
during the first wave of the pandemic
and had shown abnormalities on struc-
tural brain scans. The study also included
comparative autopsy investigation results
from an age- and demographic-matched
control group. All individuals with
COVID had multifocal vascular damage
marked by leakage of serum proteins
into the brain parenchyma, accompanied
by widespread endothelial cell activa-
tion. Platelet aggregates and micro-
thrombi were adhered to endothelial
cells along the vascular lumina, and
immune complexes with activation of
the classical complement pathway were
found on the endothelial cells and plate-
lets. Microglial nodules were predomi-
nant in the hindbrain and were associated
with focal neuronal loss and neurono-
phagia. The authors concluded that
antibody-mediated cytotoxicity directed
against the endothelial cells was the
most likely initiating event that led to
vascular leakage, platelet aggregation,
neuroinflammation, and neuronal injury.
They suggested that therapeutic modali-
ties directed against immune complexes
should be considered.

The results of the study may have
implications for diagnosing and treat-
ing long-term neurologic symptoms after
COVID-19. “It is quite possible that this
same immune response persists in Long

COVID npatients, resulting in neuronal
injury,” said Nath. “There could be a
small indolent immune response that is
continuing, which means that immune-
modulating therapies might help these
patients. So these findings have very

important therapeutic implications.”
National Institute of Neurological
Disorders and Stroke

IAEA Partners with GE
Healthcare in Global Training

The International Atomic Energy
Agency (IAEA) announced on July 14
a partnership with GE Healthcare to
train professionals in medical imaging
under Rays of Hope, the IAEA’s initia-
tive to address global inequity in access
to life-saving cancer diagnosis and treat-
ment. It is the first such agreement with
a private company under Rays of Hope.
Under a 1-y partnership with GE Health-
care, radiologists and nuclear medicine
professionals from Africa and Latin
America will receive in-person and
online training in diagnostic techniques.
“A well-trained workforce is a must for
a functioning medical sector. Our work
together with GE Healthcare will pro-
vide these professionals with the neces-
sary skills and knowledge to help save
lives,” said IAEA Director General
Rafael Mariano Grossi during the part-
nership launch at IAEA headquarters in
Vienna. “As part of the IAEA’s deter-
mined efforts under Rays of Hope to
address global imbalances in access to
cancer care, we are reaching out to poten-
tial partners also in the private sector,
which has an indispensable role to play.
Our partnership with GE Healthcare is a
milestone in this respect and it will be
followed by others.”

The traditional source of IAEA fund-
ing is from its Member States. Earlier
this year, 6 countries, including France,
Japan, Monaco, the Republic of Korea,
Sweden, and the United States, pledged
more than €9 million to the program.
“I’'m very encouraged by the generous
support we have received from our
Member States and from the private
sector. Much more will be needed in
the coming months and years to deliver
on our pledge to reduce the global gap

in access to cancer care, but this is a
very promising start,” said Grossi.

As a part of the partnership, cut-
ting-edge training will be provided at
Zurich University Hospital in Switzer-
land, the GE Healthcare’s partner insti-
tution with expertise in PET imaging.
The first medical professionals from
Kenya will begin their 4-wk training
session in September, focusing on PET/
CT and PET/MR imaging.

International Atomic Energy Agency

U.S. Life Expectancy, 2000-2019

In an article published on July 16 in
The Lancet (2022;400[10345]:P25-P38),
experts from the Institute for Health
Metrics and Evaluation (IHME) at the
University of Washington School of
Medicine (Seattle), in collaboration with
researchers from the National Institutes
of Health (NIH), reported that overall
life expectancy in the United States
increased by 2.3 y in the decade from
2000 to 2019 but that this increase was
not consistent among racial and ethnic
groups or by geographic area. The study
included results at the county level in
each state. Most of the gains in life ex-
pectancy appear to have been achieved
before 2010.

“These varied outcomes in life ex-
pectancy raise significant questions. Why
is life expectancy worse for some and
better for others? The novel details in
this study provide us the opportunity to
evaluate the impact of social and struc-
tural determinants on health outcomes
in unprecedented ways. This in turn
allows us to better identify responsive
and enduring interventions for local
communities,” said Eliseo J. Pérez-
Stable, MD, coauthor and director of the
NIH National Institute on Minority
Health and Health Disparities.

Among the key findings at the na-
tional level, between 2000 and 2019, life
expectancy increased most for the Black
population (3.9 y), the Asian popula-
tion (2.9 y), and the Latino population
(2.7 y). At the same time, the increase
in life expectancy for the white popu-
lation was more moderate (1.7 y). No
improvement in life expectancy was
noted for American Indian and Alaskan
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Native (AIAN) populations. In 2019,
overall life expectancy was 85.7 y for
Asian, 82.2 y for Latino, 78.9 y for white,
75.3 y for Black, and 73.1 y for AIAN
populations. At the county level, 88%
of U.S. counties saw an increase in life
expectancy during the 20-y study period;
however, most of these gains were from
2000 to 2010. Almost 60% of U.S.
counties saw a decrease in life expec-
tancy in the study’s second decade. The
range of life expectancy varied widely
among counties, ranging from <65 y in
some to >90 y in others.

In an accompanying press release,
NIH emphasized the importance of this
study in establishing a baseline for the
2 decades preceding the COVID-19
pandemic and providing context for
subsequent changes in mortality and dis-
parities. Provisional estimates for 2020
show substantial declines in life expec-
tancy overall, with declines larger in
the Latino and Black populations. “The
pandemic exposed stressors and weak-
nesses in local and national systems that
continuously put our most vulnerable
populations at risk. These findings offer

county, state, and federal leaders a
unique look at the pervasiveness of
health disparities in their respective
communities,” said Laura Dwyer-
Lindgren, PhD, lead author and assis-
tant professor of health metrics at the
IHME.

Detailed county-level results are
available from the IHME at www.
healthdata.org/data-visualization/us-
health-map.

The Lancet
National Institutes of Health

Safe and Equitable Health Care for All: SNMMI Position on the Doctor-Patient Relationship

On July 8, SNMMI leadership released the following statement:

SNMMI believes that physicians must be able to provide safe, effective, and accessible evidence-based health care
to patients without the threat of nonmedical outside interference. We condemn any interference with the doctor—
patient relationship outside of public health measures and acknowledge that such interference can disproportionately
impact historically and economically marginalized and disadvantaged populations. Physicians, legislators, regulators,
and patients must work together to ensure safe and equitable health care for all.
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FROM THE LITERATURE

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

Preclinical Biomarkers of
Alzheimer Disease

Long et al. from the Washington
University School of Medicine in St.
Louis (MO) reported on July 22 ahead
of print in Brain on a study designed
to determine whether amyloid PET im-
aging and/or cerebrospinal fluid (CSF)
biomarkers accurately predict cognitive
outcomes in Alzheimer disease (AD)
and neuropathologic findings at autopsy.
The study included 720 individuals (age
range, 42-91 y) who were cognitively
normal at baseline, underwent amyloid
PET imaging and/or CSF collection
within 1 y of initial clinical assessment,
and had subsequent clinical follow-ups.
Cognitive status was assessed serially
over follow-up, and biomarkers were
defined by uptake cutoffs for amyloid
PET imaging and CSF p-taul81/
amyloid-B42 levels. Over the course of
the study, 57 participants died, with sub-
sequent post-mortem neuropathologic
examination for AD-related changes.
Among normal participants with PET
or CSF biomarkers defined as positive,
34.4% developed cognitive impairment,
compared to only 8.4% with negative
biomarkers. Preclinical AD biomarker
status, APOE €4 carrier status, polygenic
risk score, and age were identified
as significant factors influencing risk

of developing cognitive impairment.
Among individuals with autopsy results,
90.9% of those who were biomarker-
positive and 8.6% of those who were
biomarker-negative had AD neuropat-
hologic changes. The combination of
the preclinical biomarkers yielded a sen-
sitivity of 87.0%, specificity of 94.1%,
and positive- and negative-predictive
values of 90.9% and 91.4%, respec-
tively, for subsequent detection of AD
neuropathology. As individual predict-
ors, CSF and amyloid PET at baseline
were also predictive of AD neuropathol-
ogic changes, as well as Thal phase and
Braak stage of pathology at autopsy. Of
note, participants who were biomarker-
negative and went on to develop cogni-
tive impairment were more likely than
other participants to exhibit non-AD
pathology at autopsy. The authors con-
cluded that “detection of preclinical AD
biomarkers is strongly predictive of
future cognitive impairment and accu-
rately predicts presence of AD neuropa-
thology at autopsy.”

Brain

18F-Florzolotau PET in Multiple
System Atrophy Parkinsonian
Subtype

In an article published on July 21
ahead of print in Movement Disorders,
Lin et al. from Huashan Hospital/Fudan
University (Shanghai) and APRINOIA
Therapeutics Co., Ltd. (Suzhou; both in
China) and representing the Progressive
Supranuclear Palsy Neuroimage Initia-
tive reported on a study investigating
localization and uptake volume of '3F-
florzolotau (previously known as '8F-
APN-1607) on PET in patients with the
parkinsonian subtype of multiple sys-
tem atrophy. The study included 31 such
patients, 24 with Parkinson disease, and
20 age-matched healthy controls. Uptake
in the striatum was visually assessed as
positive or negative, and regional bind-
ing was evaluated as SUV ratios. In both
assessments, patients with the parkin-
sonian subtype of multiple system atro-
phy showed elevated tracer uptake in the
putamen, globus pallidus, and dentate

compared with patients with Parkinson
disease. This increased signal was sig-
nificantly associated with the core clin-
ical symptoms of the parkinsonian
subtype of multiple system atrophy. In
those patients with the subtype cerebel-
lar ataxia, tracer uptake was elevated in
the cerebellar dentate. The authors con-
cluded that “'8F-florzolotau tau PET
imaging findings may reflect the clini-
cal severity of parkinsonian subtype of
multiple system atrophy and can poten-
tially discriminate between this condi-
tion and Parkinson disease.”
Movement Disorders

PET/CT of Cranial Arteries in
Giant Cell Arteritis

Thibault et al. from Dijon University
Hospital, the Centre Georges Frangois
Leclerc, and the Université Bourgogne
Franche-Comté, INSERM (all in Dijon,
France) reported on July 22 ahead of
print in Rheumatology (Oxford) on a
study of the performance of cranial
PET/CT in the sometimes challenging
diagnosis of giant cell arteritis (GCA).
The investigation was part of a clinical
trial designed to evaluate the sensitivity
and specificity of PET of the cephalic
arteries for diagnosis of GCA and
compare these with results from echo
Doppler and MR imaging of the tempo-
ral arterials. A total of 70 adults with
suspected GCA were enrolled in the
study and underwent baseline cranial
artery evaluation with PET/CT before
or immediately (within 72 h) after start-
ing glucocorticoid treatment. Cranial
PET/CT was considered positive if at
least 1 arterial segment showed hyper-
metabolism similar to or greater than
liver uptake. The diagnosis of GCA
was retained after =6 mo of follow-up
when no other diagnosis was considered
and the patient had gone into remission
after =6 consecutive mo of treatment.
Cranial PET/CT sensitivity, specificity,
and positive- and negative-predictive
values were 73.3%, 97.2%, 91.7%, and
89.7%, respectively. Corresponding val-
ues for extracranial PET/CT diagnos-
tic performance were 66.7%, 80.6%,
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58.8%, and 85.3%. Combining cranial
and extracranial PET/CT results improved
overall sensitivity (80%) and negative-
predictive values (90.3%) but decreased
overall specificity (77.8%) and positive-
predictive values (60%). The authors
concluded that cranial and extracra-
nial PET/CT can be combined with a
limited increase in imaging time and
show a high accuracy for diagnosis of
GCA.

Rheumatology (Oxford)

11C-Flumazenil PET and
Neuronal Alterations After
Cerebral Infarction

In an article in the July 6 issue of
Stroke, Yamauchi et al. from Kyoto
University and Shiga Medical Centre
Research Institute (Moriyama; both in
Japan) reported on a study using '!'C-
flumazenil PET to explore whether sec-
ondary thalamic neuronal damage may
manifest as a decrease in central benzo-
diazepine receptors in patients with ce-
rebral infarction and internal carotid
artery or middle cerebral artery disease.
The retrospective study included data
from 140 patients with unilateral cerebral
infarction ipsilateral to internal carotid
artery or middle cerebral artery disease.
All patients underwent ''C-flumazenil
PET/CT in the chronic stage, with quan-
titative measurements of tracer binding
potential, cerebral blood flow, and cere-
bral metabolic oxygen rate. The authors
found that in the thalamus ipsilateral to
infarcts, these parameter values were
significantly lower than those in the
contralateral thalamus, with significant
correlations between ipsilateral-to-con-
tralateral ratios. Patients with corona
radiata infarcts and striatocapsular in-
farcts had significantly lower ipsilat-
eral-to-contralateral binding ratios in
the thalamus than those without. The
ipsilateral-to-contralateral ratio of bind-
ing in the thalamus was significantly
correlated with the ipsilateral-to-contra-
lateral cerebral metabolic rate of oxygen
ratio in the frontal cortex and was ne-
gatively correlated with lower perfor-
mance on cognitive tests. The authors
concluded that “secondary thalamic
neuronal damage may manifest as a

decrease in central benzodiazepine re-
ceptors in patients with cerebral infarc-
tion and internal carotid artery or
middle cerebral artery disease, which
may be associated with frontal lobe
dysfunction.”

Stroke

68Ga-FAPI vs '8F-FDG in Newly
Diagnosed NSCLC

Wu et al. from the Affiliated Hos-
pital of Southwest Medical University,
the Nuclear Medicine and Molecular
Imaging Key Laboratory of Sichuan
Province, and Academician (Expert)
Workstation of Sichuan Province (all
in Luzhou, China) reported on July 4
ahead of print in Frontiers in Oncology
on a study comparing **Ga-fibroblast-
activation protein inhibitor (°*Ga-FAPI)
and '8F-FDG PET/CT in evaluation of
newly diagnosed non—small cell lung
cancer (NSCLC). The prospective study
included 28 patients (15 women, 13 men;
median age, 60.5 y; age range, 35-78 y)
with new and histopathologically con-
firmed NSCLC. All participants under-
went both °8Ga-FAPI and '|F-FDG
PET/CT imaging, and the performance
of the tracers was compared by visual
assessment, rates of cancer detection,
and semiquantitative parameters for both
primary tumors and metastases. The 2
tracers were found to have similar detec-
tion performance in primary tumors.
%8Ga-FAPI PET/CT was more effective
than '8F-FDG PET/CT in evaluation
of most metastases, including those in
lymph nodes (53 vs 49), pleura (8 vs 7),
liver (4 vs 1), and bone (41 vs 35).
SUV 1ax and tumor-to-background ratio
values for °8Ga-FAPI were signifi-
cantly superior to those with '8F-FDG
in lymph node, pleural, and bone metas-
tases. SUV .« assessments for the tracers
were comparable in hepatic metastases,
but °8Ga-FAPI produced a significantly
higher tumor-to-background ratio than
I8F-FDG. ®8Ga-FAPI PET/CT showed
excellent staging accuracy (80% of N
and 92.9% of M stage disease). The
authors concluded that *®Ga-FAPI PET/
CT is excellent for evaluation of newly
diagnosed NSCLC and “improves the

detection rates of most metastases, facil-
itating the superior staging of patients
with newly diagnosed NSCLC, relative
to that achieved by '®F-FDG PET/CT.”

Frontiers in Oncology

68Ga-FAPI vs '8F-FDG in Staging/
Restaging Gastric Cancer

In an article from some of the same
researchers, in the July 1 issue of Fron-
tiers in Oncology (2002,12:925100),
Zhang et al. from the Affiliated Hospi-
tal of Southwest Medical University
(Luzhou), Nuclear Medicine and Molec-
ular Imaging Key Laboratory of Sichuan
Province (Luzhou), Southwest Medical
University (Luzhou), the Fourth Peo-
ple’s Hospital of Chengdu, and the Clin-
ical Hospital of Chengdu Brain Science
Institute/University of Electronic Science
and Technology of China (Chengdu; all
in China) reported on a study comparing
the diagnostic efficacy of ®®Ga-fibro-
blast-activated protein inhibitor (®®*Ga-
FAPI-04) and that of '8F-FDG PET/CT
for primary tumors, lymph nodes, and
distant metastatic lesions in gastric can-
cer and assessing respective results in
tumor staging and restaging. The study
included 25 patients (mean age, 56 =
12'y) with pathologically confirmed gas-
tric cancer. Patients underwent imaging
with both tracers within a 1-wk period.
%8Ga-FAPI-04 showed higher sensitivity
than '8F-FDG PET/CT for detecting
primary tumors (94.74% vs 68.42%),
lymph node metastases (97.40% vs
41.56%), and distant metastases (97.17%
vs 43.11%), with significantly higher
uptake in tumors (median SUV .y,
10.28 vs 3.20), lymph node metastases
(9.20 vs 3.15), and distant metastases
(8.00 vs 4.20). 8Ga-FAPI-04 PET/CT
resulted in new oncologic findings in
14 of the 25 patients and corrected
tumor staging or restaging in 7 patients.
The authors concluded that these results
highlight the potential of ®Ga-FAPI-04
PET/CT tumor staging in increasing the
accuracy of gastric cancer diagnosis,
“which may facilitate treatment deci-
sion making.”

Frontiers in Oncology
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Early Revascularization,
Inducible Ischemia, and
Outcomes

Rozanski et al. from Mount Sinai
Morningside Hospital and Mount Sinai
Heart (New York, NY), the University
of Calgary (Alberta, Canada), Cedars-
Sinai Medical Center (Los Angeles,
CA), and the David Geffen School of
Medicine at the University of California,
Los Angeles reported in the July 19 issue
of the Journal of the American College
of Cardiology (2022;80[3]202-215) on a
study using stress/rest SPECT myocar-
dial perfusion imaging (MPI) to assess
the relationships between stress-induced
myocardial ischemia, revascularization,
and all-cause mortality in patients with
normal or low left ventricular ejection
fractions (LVEFs). The retrospective
study included data from 43,443 patients
who underwent stress/rest SPECT MPI
from 1998 to 2017, with a median fol-
low-up of 11.4 y. Myocardial ischemia
was evaluated for its relationship to
early revascularization and mortality.
The researchers found that the frequency
of myocardial ischemia varied widely
depending on LVEF and angina, rang-
ing from 6.7% in patients with LVEF
=55% and no typical angina to 64.0%
in patients with LVEF <45% and typi-
cal angina. Of the 39,883 patients with
LVEF =45%, early revascularization
was associated with increased mortality
in those without ischemia and lower
mortality among patients with severe
(=15%) ischemia. Of the 3,560 patients
with LVEF <45%, revascularization
was not associated with mortality bene-
fits in those with no or mild ischemia but
was associated with decreased mortality
in those with moderate (10%—14%) and
severe (=15%) ischemia. The authors
summarized their findings that in this
very large cohort “early myocardial
revascularization was associated with a
significant reduction in mortality among
both patients with normal LVEF and
severe inducible myocardial ischemia
and patients with low LVEF and
moderate or severe inducible myo-
cardial ischemia.”

Journal of the American College of

Cardiology

Optimizing Prostate Cancer
Lymph Node Staging

In an article published on July 21
ahead of print in Prostate, Wang et al.
from Xiangya Hospital/Central South
University (Changsha City, China) re-
ported on a study developed to explore
approaches to improving the utility of
68Ga—prostate-specific membrane anti-
gen (°®Ga-PSMA) PET/CT imaging
for diagnosing lymph node metastasis
in prostate cancer patients through com-
bined evaluation of inflammatory hema-
tologic markers. The retrospective study
included pretreatment data on a group
of patients, including initial total pros-
tate-specific antigen levels, hematologic
findings, biopsy and surgical pathology
results, and °3Ga-PSMA PET/CT find-
ings. The researchers identified SUV .y,
neutrophil/lymphocyte ratio, platelet/
lymphocyte ratio, initial prostate-spe-
cific antigen levels, and clinical T stage
as independent predictors of lymph node
metastasis. A nomogram combining
optimal cutoff values for these varia-
bles was constructed and found to be
associated with good predictability.
The authors concluded that “SUV .x,
neutrophil/lymphocyte ratio, platelet/
lymphocyte ratio, initial total prostate-
specific antigen, and clinical T stage rep-
resent valuable independent predictors of
lymph node metastasis in prostate cancer
patients, offering an opportunity to fur-
ther optimize lymph node staging.”

Prostate

Metabolic Abnormality Patterns
in Lewy Body Dementia

Lu et al. from Huashan Hospital/
Fudan University (Shanghai), Zhongnan
Hospital of Wuhan University, and
Shanghai Jiao Tong University Affili-
ated Sixth People’s Hospital (Shang-
hai; all in China) reported on July 20
ahead of print in Movement Disorders
on a study designed to identify dis-
ease-specific metabolic patterns that can
illuminate the question of whether
dementia with Lewy bodies (DLB) and
Parkinson disease (PD) dementia rep-
resent the same disease, distinct enti-
ties, or conditions within the same

spectrum. Sixty-seven patients with
DLB, 50 with PD dementia, and 15
healthy controls were enrolled and
assigned to 2 cohorts, 1 for pattern
identification and 1 for validation. The
study also included 30 patients with
PD without dementia for pattern dis-
crimination and differentiation. All
participants underwent '8F-FDG PET/
CT, with 21 undergoing 2 serial
scans. DLB-related and PD demen-
tia—related patterns shared similarities:
comparative hypometabolism in the
middle temporal gyrus, middle oc-
cipital gyrus, lingual gyrus, precu-
neus, cuneus, angular gyrus, superior
and inferior parietal gyri, middle and
inferior frontal gyri, cingulate, and cau-
date, as well as comparative hyperme-
tabolism in the cerebellum, putamen,
thalamus, precentral/postcentral gyrus,
and paracentral lobule. These metabolic
characteristics differed from PD-related
patterns. Patients with DLB and PD
dementia, however, could not be distin-
guished from one another successfully
by any pattern, but patients with PD
could be recognized easily. DLB-related
and PD dementia—related pattern expres-
sion showed similar efficacies in cross-
sectional disease severity assessment
and, in the subset of twice-imaged
patients, longitudinal progression mon-
itoring. The authors concluded that
“consistent abnormalities in metabolic
patterns of DLB and PD dementia might
underline the potential continuum across
the clinical spectrum from PD to DLB.”

Movement Disorders

18F-PI-2620 Tau PET Imaging in
Alzheimer Disease

In an article published on July 17
ahead of print in Neuropsychopharma-
cology Reports, Bun et al. from Keio
University School of Medicine (Tokyo),
Eisai Co., Ltd. (Tokyo), and the National
Institute of Radiological Sciences/
National Institutes for Quantum and
Radiological Science and Technol-
ogy (Chiba; all in Japan) reported on a
pilot study of the second-generation tau
tracer '3F-P1-2620 in Alzheimer disease
(AD). The study included 7 individuals
with probable AD and 7 healthy
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controls. Imaging variables compared
between the 2 groups included SUV
ratios in regions of interest in the
medial temporal region and neocortex.
Correlations between these uptake
ratios and plasma p-taul81 and cogni-
tive test scores were also assessed.
Tracer uptake was significantly increased
in AD individuals across all regions of
interest. SUV ratios in in these regions
were significantly correlated with plasma
p-taul81 levels and with cognitive
scores. The authors concluded that
these results “add to accumulating
evidence suggesting that '3F-P1-2620 is
a promising tau PET tracer that allows
patients with AD to be distinguished
from healthy controls.” They emphasized
the importance of early identification of
abnormal tau in the brain for develop-
ment of new therapeutic interventions
and called for larger studies.
Neuropsychopharmacology Reports

124] PET/CT and 24| PET/MR in
Resected DTC

Grafe et al. from University Hospi-
tal Essen/University Duisburg-Essen
and University Hospital Dusseldorf
(both in Germany) reported on June 21
in Cancers (Basel) (2022;14[13]:3040)
on the results of a study of quantitative
differences between 241 PET/CT and
I24I.PET/MR findings in a group of
patients after thyroidectomy for differen-
tiated thyroid carcinoma (DTC). Thirty-
five patients (23 female, 12 male; mean
age, 52 y; range, 16-85 y) with a total
of 43 imaging studies were included.
All patients underwent whole-body
(skull base to midthigh) PET/CT and a
dedicated head—neck (skull base to upper
lung) PET/MR examination on the same

day, allowing for intraindividual compari-
sons of the same anatomic areas. CT-
based attenuation correction in PET/CT
and MR-based attenuation correction in
PET/MR with bone atlas were compared.
In all, 111 ?*I-avid lesions were detected
on PET/CT and 132 on PET/MR. The
median SUV,eq, for 98 congruent lesions
measured on PET/CT was 12.3. For
PET/MR, the median SUV ., Was 16.6
with MR-based AC. The authors con-
cluded that although these 2 hybrid imag-
ing approaches in patients with resected
DTC provided overall comparable quanti-
tative results in a clinical setting (despite
different patient positioning and att-
enuation correction methods), the num-
ber of detected lesions and average
SUV jean Values for congruent lesions
was higher for PET/MR.

Cancers (Basel)

Reviews

Review articles provide an impor-
tant way to stay up to date on the latest
topics and approaches through valuable
summaries of pertinent literature. The
Newsline editor recommends several
general reviews accessioned into the
PubMed database in June and July.
Parpinel et al. from the Sant’Anna
Hospital/University of Turin and the
Ospedale degli Infermi (Ponderano;
both in Italy) published “Use of posi-
tron emission tomography for preg-
nancy-associated cancer assessment: A
review” in the July 1 issue of the Jour-
nal of Clinical Medicine (2022;11[13]:
3820). In an overview in the July 20
issue of Expert Review of Molecular
Diagnostics, Faldu and Shah from
Nirma University (Ahmedabad, India)
provided “Alzheimer’s disease: A

scoping review of biomarker research
and development for effective disease
diagnosis.” Manafi-Farid et al. from
Shariati Hospital/Tehran University
of Medical Sciences (Iran), Massa-
chusetts General Hospital and Harvard
Medical School (Boston, MA), Uni-
versity Hospital Salzburg/Paracelsus
Medical University (Austria), and
Iran University of Medical Sciences
(Tehran) reported in the June 28
issue of Frontiers in Medicine (Lau-
sanne) on “ImmunoPET: Antibody-
based PET imaging in solid tumors.”
An overview of “Immune checkpoint
molecules in neuroblastoma: A clinical
perspective” was published by Pathania
et al. from the University of Nebraska
Medical Center (Omaha), the National
Institutes of Biomedical Innovation,
Health, and Nutrition (Osaka, Japan),
Sri Rajiv Gandhi College of Dental
Sciences & Hospital (Bengaluru, India),
Sree Sai Dental College & Research
Institute (Srikakulam, India), and Bana-
ras Hindu University (Varanasi, India)
in the July 3 issue of Seminars in Can-
cer Biology. Omorphous et al. from
Heartlands Hospital/University Hospi-
tals Birmingham, St. Bartholomew’s
Hospital (London), Mount Vernon Can-
cer Centre (London), Lister Hospital
(Stevenage), University of Hertfordshire
(Northwood), King’s College London,
Guy’s Hospital (London), and Brunel
University (London; all in the UK), and
Apollo Hospitals Educational and
Research Foundation (Chennai, India)
surveyed “The increasing indications of
FDG-PET/CT in the staging and manage-
ment of invasive bladder cancer” on July
5 ahead of print in Urologic Oncology.
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DISCUSSIONS WITH LEADERS

A Life in Nuclear Medicine in Israel
A Conversation Between Ora Israel and Johannes Czernin

Ora Israel' and Johannes Czernin®

Rappaport School of Medicine, the Technion, Haifa, Israel; and *David Geffen School of Medicine at UCLA, Los Angeles, California

Johannes Czernin, MD, editor in chief of The Journal of Nuclear
Medicine, talked with Ora Israel, MD, Emeritus Professor of Imag-
ing at the Rappaport School of Medicine, the Technion (Haifa,
Israel). In 2018, she retired from clinical duties and from her 18 y as
Director of Nuclear Medicine at the Rambam Health Care Campus.
She also served as Deputy Director for Research at Rambam for 4y.
For more than 4 decades, her main scientific interests included mul-
timodality tumor imaging, in vivo radionuclide quantitation, and
imaging of infection and inflammation. She has been involved in
the development of hybrid imaging, including SPECT/CT and PET/
CT (since its beginnings in the late 1990s), and, in recent decades,
in developing guidelines for clinical implementation of these tech-
nologies. She is the author of 3 textbooks on hybrid imaging, more
than 200 scientific articles, and more than 30 book chapters.

Dr. Israel has led the training of physicians and scientists in Israel
and throughout the international nuclear medicine community. She
was a long-time visiting professor in the Harvard Joint Program in
Nuclear Medicine, on the faculty of the Johns Hopkins Nuclear
Medicine course in Baltimore, MD, served as faculty in the PET/
CT course of the Royal Society of Medicine (London, UK), and
was a participant in educational programs organized by the Interna-
tional Atomic Energy Agency. She serves as an associate editor of
The Journal of Nuclear Medicine (JNM) and the European Journal
of Nuclear Medicine and Molecular Imaging. She is a consultant
for molecular imaging for GE Healthcare. Dr. Israel is a fellow of
SNMMI and an honorary member of the European Association of
Nuclear Medicine. She also received the Life Achievement Award
from the SNMMI General Imaging Council and the Barry Siegel
Lectureship award from the SNMMI Correlative Imaging Council.
She is a founding member of the Israeli Academy of Medicine.

Dr. Czernin: Thank you, Ora, for taking the time to speak with
me. Can you provide our readers with a little bit of background on
your life and career?

Dr. Israel: I was born, raised, and educated in Romania, in a
German-speaking family. My grandmother came from Austria. I
completed my medical studies at the Institute for Medicine and Phar-
macy in Bucharest. After I married my husband of 50 y, Stefan, and
graduated, we immigrated to Israel. We have two accomplished chil-
dren and four beautiful grandchildren. Having completed medical
school and internship, I had to choose a residency. My first choices
had been either intensive care or nephrology. But when we came to
Israel I was offered a position in nuclear medicine—and immediately
said no! When they asked why, I said “Because I'm afraid of

Received Jul. 22, 2022; revision accepted Jul. 22, 2022.
COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging.
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radiation.” But then they told me that they
had just recruited a very promising new
chief of nuclear medicine at Rambam,
Dov Front, and that it could be a lot of
fun. So, I changed my mind. Until today,
most people who come out of medical
school don’t really know what nuclear
medicine is all about.

Dr. Czernin: How many years of train-
ing did you have in Israel?

Dr. Israel: It was 4-and-a-half years of
training, as it is now. But some of the com-
ponents have changed over the years. At present, residency consists of
2 y in nuclear medicine, 6 mo of PET/CT, 1 y in diagnostic radiology,
6 mo of clinical rotations, and also 6 mo of basic research, which I
consider to be very important.

Dr. Czernin: Is nuclear medicine an independent department in
Israel or is it part of radiology?

Dr. Israel: It is independent. There was a letter to the editor in
JNM in 1993, signed by Dov Front and me, with the title “Nuclear
medicine in Israel: independent, alive and well” (J Nucl Med.
1993;34[10]:1826). I am happy to say it still is like that!

Dr. Czernin: Looking at your bibliography, your SPECT/CT
work is an important contribution to nuclear medicine.

Dr. Israel: We also had the privilege to work with the first
PET/CT that was manufactured in Haifa and published quite a few
important studies on the subject. With that being said, I always
considered SPECT/CT as an important modality.

Dr. Czernin: In 2020, you published with Van den Wyngaert and
other authors a very nice review article in JNM (2020,61[9]:
1284-1291), in which you listed accomplishments of but also
barriers and challenges to SPECT/CT in clinical practice. You
mentioned subpar CT resolution. How do you see development of the
CT component in SPECT/CT? What do you foresee as the standard of
care in SPECT/CT fiom a technology point of view?

Dr. Israel: First, the clinical indications for SPECT/CT are often
not in oncology, and studies are often done in younger patients.
Therefore, radiation exposure is a concern. There are very few clini-
cal indications for which we have to do a whole-body SPECT/CT.
Most often we need to do a limited field-of-view study. We also
have to inject as little tracer activity as possible. We have to look at
SPECT/CT technology from both sides: SPECT has seen major
advances in detector technology, such as the advent of cadmium—
zinc—telluride detectors. We can inject lower doses while obtaining
high image quality. With respect to the CT part, it depends on the
clinical indication. Do we need a diagnostic CT, or do we need to
increase the specificity of our SPECT images? We have to be

Ora Israel, MD
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able—and we are able with the new technology— to juggle and to
find the best way to use this modality.

Dr. Czernin: If you say that you want to increase the specificity,
then often a low dose is good enough. But optimized device design
has to be versatile to meet any clinical scenario. What would a de-
vice like this look like?

Dr. Israel: Actually, I think that there are 2 devices that look like
this that are available today. Both come from Israel. But first, we,
the physicians, need to switch mentally from planar to tomographic
imaging using single-photon emitting agents. And here we have 2
challenges. One is in our mind: to forget planar imaging of bone,
lung, or kidneys. The other major impediment is the lack of devel-
opment of new tracers. I know of very few developments and trials
for new SPECT tracers, and this is a major problem.

Dr. Czernin: If the industry doesn’t buy in and if tracers are han-
dled just like drugs for regulatory purposes but not reimbursed at a
reasonable level, then a huge section of the market drops out,
because there’s no money in it. There’s not enough money in diag-
nostics. The same used to be true for PET tracers if they were not
linked to a therapeutic, like in theranostics.

Dr. Israel: 1 see a chance to overcome these challenges when
we talk about treatment, about the need for dosimetry. I do believe
that SPECT/CT can play a very important role here.

Dr. Czernin: But you need to commercialize imaging probes, and
the return on investment for diagnostics is much worse than for thera-
peutics. Business translation is a really important aspect, because if
you cannot monetize it, it will not happen in large sections of the world.

Dr. Czernin: There is a major SNMMI initiative called the Dosime-
try Challenge. This aims at simplifying data acquisition without com-
promising data robustness. When you look at radiation oncology, they
have dosimetrists who do nothing but dosimetry-based radiation plan-
ning. We believe that the annual number of theranostic cycles in the
United States will be very high. To manage the volume we will need
well-trained nuclear medicine dosimetrists in addition to nursing and
well-trained physicians to accommodate these high patient volumes.

Dr. Israel: I agree, but there is also a lot of work being done by
industry; there is new software, and this will make the work of
physicists and dosimetrists much easier.

Dr. Czernin: Do you do dosimetry for your PSMA-targeted
therapies?

Dr. Israel: Not clinically. As I said before, the studies docu-
menting beneficial dosimetry impact on outcomes need to be well-
designed. The new therapies are what will keep us alive and well
in the future. But we have to do it right, based on a lot of research.

Dr. Czernin: I agree that this is the future, because we are the
only discipline that can achieve whole-body precision medicine.

Dr. Israel: Exactly. You can first identify patients who are
likely to respond to therapy and then optimize the administered
activity to achieve further improvements in outcome.

Dr. Czernin: How do you best promote the concept that we do
precision oncology, and what are the best examples for you?

Dr. Israel: We have to have the best partnerships with oncolo-
gists, both clinical and radiation oncologists. We need to under-
stand their unmet needs and what we can provide them.

“[Y]ou have to love what you do.”

Dr. Israel: I understand that. But it really saddens me. It
shouldn’t be like this; it should not be like this at all!

Dr. Czernin: This would be an interesting political and eco-
nomic discussion. You mentioned new tracers. Can you give exam-
ples of what specifically you would want to see?

Dr. Israel: I thought about **Tc-labeled somatostatin receptor—
or prostate-specific membrane antigen (PSMA)-targeted tracers.
These studies are absolutely beautiful, mainly when used with
SPECT/CT. The problem is that there are very few, if any, well-
designed big studies. We are shooting ourselves in the foot if there
are no good studies.

Dr. Czernin: You mentioned dosimetry as a key potential appli-
cation for SPECT/CT, and I completely agree, because it’s irratio-
nal to administer the same activity to each patient. I believe that
we often “underdose” patients. In the United Stated we need to
get solid reimbursement for doing dosimetry, as this is very labor
intensive. Can you do sequential early, 24-, 48-, 72-h dosimetry
scans in Israel? And what does it mean for workflow?

Dr. Israel: Workflow can be one of the problems. If you rear-
range your workflow to add SPECT/CT to standalone SPECT or
planar, imaging, everybody gets mad at you. But if you plan your
schedule well, you can do it. For the moment we cannot and should
not do these studies in a nonresearch environment. It would not be
ethical to do it, because we have not proven yet that dosimetry calcu-
lations based on SPECT/CT lead to improved outcomes. So we are
not there yet, but I do believe that this is the main direction to take.
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Dr. Czernin: That’s exactly true. I call it the integrated inde-
pendence of nuclear medicine.

Dr. Israel: I have always advocated for independent nuclear med-
icine. You can teach radiologists to read PET/CT studies and which
radiotracer to use. But FDG is not just another contrast agent. I have
witnessed in more than 40 y of my career that only people who are
100% dedicated to nuclear medicine can move this field forward.
Nothing that has ever moved nuclear medicine forward has come
from somebody who was not 100% dedicated to the field There is
no other way unless you are completely dedicated to this specialty,
which I think is beautiful. I love it. I’ve loved it for my whole career.

Dr. Czernin: Different topic: Do you produce therapeutic com-
pounds onsite? How is this done in Israel? Do you produce onsite
or compound?

Dr. Israel: We have 3 centralized radiopharmacies that supply
demand for the whole country.

Dr. Czernin: Are they private or government run?

Dr. Israel: Two are private, and 1 is government run. Some
centers, are also very active in research with respect to new radio-
tracers and new ways of production.

Dr. Czernin: We're coming to the final portions of this discus-
sion. I am always interested in different health care systems. Can
you provide us with brief insights into the Israeli system? Is it a
mixed, private, or government-funded health care environment?

Dr. Israel: Health care in Israel is socialized. We have manda-
tory health care insurance.
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Dr. Czernin: It’s a European-style system?

Dr. Israel: There are 4 health care funds, and we are all members of
one of them. And everything is very well documented and monitored.

Dr. Czernin: Is there additional private insurance that one can
buy on top of the government-managed system?

Dr. Israel: Yes. This can help in choosing a surgeon and perhaps
getting into a private care facility. This could also help a patient go
overseas for surgery or for some forms of treatment that cannot be
done yet in Israel. But the basic health care system is very good. Life
expectancy is high, and infant mortality rates are very low.

Dr. Czernin: Is there societal agreement that health care is a
right for everyone—that health care is a human right?

Dr. Israel: There is no such thing as an ideal place. But, yes, every-
body has the right and access to, in my opinion, high-level health care.

Dr. Czernin: What about the future of nuclear medicine?

Ora Israel: There was a dry spell 10-15 y ago when we really
had problems here recruiting talented young people. But over the
last few years most of the centers have had waiting lists for accep-
tance into nuclear medicine residency. And there is also a new
trend: double-certified imaging physicians. They spend 7-7.5 y in
training through both diagnostic radiology and nuclear medicine
(some periods of training overlap, thus the shorter total number of
months or years). No cutting corners! The right way to go!

Dr. Czernin: Do you think that is why more people are inter-
ested in joining the field?

Dr. Israel: I think that hybrid imaging, PET/CT and SPECT/
CT, had an impact, as well as theranostics.

Dr. Czernin: What about therapeutics?

Dr. Israel: There are new opportunities in therapeutics. The next
generation of nuclear medicine physicians will finally be able to treat
patients in addition to precisely diagnosing their disease! Therapeu-
tics will make a change. If I were still in charge of a department
today, I would see as my main job for the next 2 or 3 y to find the
right person to take charge of therapies. Everybody has to know and
do everything, but someone should be in charge of establishing a
strong therapy unit. This is also important in order to have a key
point person to interact and communicate with the clinicians and
patients.

Dr. Czernin: We have reached the end of this discussion. Can
you provide a word of wisdom or advice for the young people join-
ing the field?

Dr. Israel: First, you have to love what you do. You have to
always try and do whatever your task is at the highest level. And
although not everybody can, I think that doing research just bright-
ens your mind. It gives you a different perspective on life and a lot
of excitement. The moment you get the galley proofs of a paper
accepted by JNM is something you will always cherish.

Dr. Czernin: I like the INM angle! Ora, your insights are going
to be very much appreciated by our readers and, of course, by me.
Thank you so much for taking the time.
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An important need exists for strategies to perform rigorous objective clini-
cal-task-based evaluation of artificial intelligence (Al) algorithms for
nuclear medicine. To address this need, we propose a 4-class framework
to evaluate Al algorithms for promise, technical task-specific efficacy,
clinical decision making, and postdeployment efficacy. We provide best
practices to evaluate Al algorithms for each of these classes. Each class
of evaluation yields a claim that provides a descriptive performance of
the Al algorithm. Key best practices are tabulated as the RELAINCE
(Recommendations for Evaluation of Al for NuClear medicinE) guide-
lines. The report was prepared by the Society of Nuclear Medicine and
Molecular Imaging Al Task Force Evaluation team, which consisted of
nuclear-medicine physicians, physicists, computational imaging scien-
tists, and representatives from industry and regulatory agencies.
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I. INTRODUCTION

Artiﬁcial intelligence (Al)-based algorithms are showing tremen-
dous promise across multiple aspects of nuclear medicine, including
image acquisition, reconstruction, postprocessing, segmentation, diag-
nostics, and prognostics. Translating this promise to clinical reality
requires rigorous evaluations of these algorithms. Insufficient evalua-
tion of Al algorithms may have multiple adverse consequences,
including reducing credibility of research findings, misdirection of
future research, and, most importantly, yielding tools that are useless
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or even harmful to patients (/). The goal of this report is to provide
best practices to evaluate Al algorithms developed for different parts of
the imaging pipeline ranging from image acquisition to postprocessing
to clinical decision making in the context of nuclear medicine. We pro-
vide these practices in the context of evaluating Al algorithms that use
artificial neural network—based architectures, including deep learning.
However, many principles are broadly applicable to other machine-
learning and physics-based algorithms. In the rest of the report, Al
algorithms refer to those that use artificial neural networks.

Evaluation has a well-established and essential role in the transla-
tion of any imaging technology but is even more critical for Al algo-
rithms due to their working principles. Al algorithms are typically not
programmed with user-defined rules, but instead learn rules via analy-
sis of training data. These rules are often not explicit and thus not
easily interpretable, leading to unpredictability in output. This leads to
multiple unique challenges. First, Al algorithms may yield inaccurate
results that may adversely impact performance on clinical tasks. For
example, Al-based reconstruction may introduce spurious lesions (2),
Al-based denoising may remove lesions (3), and Al-based lesion seg-
mentation may incorrectly identify healthy tissue as malignancies (4).
Evaluations are thus crucial to assess the algorithm’s clinical utility. A
second challenge is that of generalizability. Al algorithms are often
complicated models with many tunable parameters. These algorithms
may perform well on training data, but may not generalize to new
data, such as from a different institution (), population groups (6,7),
or scanners (8). Possible reasons for this include that the algorithm
uses data features that correlate with the target outcome only within
training data, or that the training data does not sufficiently represent
the patient population. Evaluations are needed to assess the generaliz-
ability of these algorithms. A third challenge is data drift during clini-
cal deployment. When using Al systems clinically, over time, the
input-data distribution may drift from that of the training data due to
changes in patient demographics, hardware, acquisition and analysis
protocols (9). Evaluation in postdeployment settings can help identify
this data drift. Rigorous evaluation of Al algorithms is also necessary
because Al is being explored to support decisions in high-risk applica-
tions, such as guiding treatment.
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In summary, there is an important need for carefully defined strat-
egies to evaluate Al algorithms, and such strategies should be able to
address the unique challenges associated with Al techniques. To
address this need, the Society of Nuclear Medicine and Molecular
Imaging put together an Evaluation team within the Al Task Force.
The team consisted of computational imaging scientists, nuclear
medicine physicians, nuclear medicine physicists, biostatisticians,
and representatives from industry and regulatory agencies. The team
was tasked with defining best practices for evaluating Al algorithms
for nuclear medicine imaging. This report has been prepared by this
team.

In medical imaging, images are acquired for specific clinical
tasks. Thus, Al algorithms developed for the various parts of the
imaging pipeline, including acquisition, reconstruction, postpro-
cessing, and segmentation, should be evaluated on the basis on
how well they assist in the clinical tasks. As described later, these
tasks can be broadly classified into 3 categories: classification,
quantification, or a combination of both (/0,11). An oncologic
PET image may be acquired for the task of tumor-stage classifica-
tion or for quantification of tracer uptake in tumor. However, cur-
rent Al-algorithm evaluation strategies are often task agnostic. For
example, Al algorithms for reconstruction and postprocessing are
often evaluated by measuring image fidelity to a reference stan-
dard using figures of merit (FoMs) such as root mean square error.
Similarly, Al-based segmentation algorithms are evaluated using
FoMs such as Dice scores. However, studies, including recent
ones, show that these evaluation strategies may not correlate with
clinical-task performance and task-based evaluations may be
needed (2,3,11-15). One study observed that evaluation of a
reconstruction algorithm for whole-body FDG PET using fidelity-
based FoMs indicated excellent performance, but on the lesion-
detection task, the algorithm was yielding both false-negatives and
-positives due to blurring and pseudo-low uptake patterns, respec-
tively (2). Similarly, an Al-based denoising method for cardiac
SPECT studied using realistic simulations seemed to yield excel-
lent performance as evaluated using fidelity-based FoMs. How-
ever, on the task of detecting perfusion defects, no performance
improvement was observed compared with noisy images (3). Such

NOTEWORTHY

W Al algorithms should be evaluated on clinical tasks.

W Al algorithm evaluations should yield a claim that provides a
clear and descriptive characterization of the performance of
the Al algorithm on a clinical task. The claim should include a
definition of the clinical task, patient population for whom the
task is defined, definition of the imaging process, procedure to
extract task-specific information, and figure of merit to quantify
task performance.

B We propose a 4-class framework that evaluates Al algorithms
for nuclear-medicine imaging on clinical tasks and yields a
claim. The 4 classes in the framework include promise, techni-
cal, clinical, and postdeployment evaluation of Al algorithms.

B We provide best practices for determining study type, data
collection, defining reference standard, and choosing figures of
merit for each class of evaluation.

B Key recommendations are summarized as the RELAINCE
(Recommendations for Evaluation of Al for NuClear medicinE)
guidelines.

findings show that task-agnostic approaches to evaluate Al algo-
rithms have crucial limitations in quantifying performance on clin-
ical tasks. Thus, evaluation strategies that specifically measure
performance on clinical tasks are needed.

Evaluation studies should also quantitatively describe the gener-
alizability of the Al algorithm to different population groups and
to different portions of the imaging pipeline, including scanners,
acquisition, and analysis protocols. Finally, evaluations should
yield quantitative measures of performance to enable clear compar-
ison with standard of care and other methods and provide guidance
for clinical utility. To incorporate these needs, we recommend that
an Al-algorithm evaluation strategy should always produce a claim
consisting of the following components (Fig. 1):

o A clear definition of the task

e Patient population(s) for whom the task is defined

e Definition of the imaging process (acquisition, reconstruction,
and analysis protocols)

e Process to extract task-specific information

e FoM to quantify task performance, including process to define
reference standard

We describe each component in the next section. We next pro-
pose an evaluation framework that categorizes the evaluation strat-
egies into 4 classes: proof of concept, technical, clinical and
postdeployment evaluation. This framework will serve as a guide
to conduct the evaluation study that provides evidence to support
the intended claim. We also provide best practices for conducting
evaluations for each class. Key best practices are summarized as
the RELAINCE (Recommendations for EvalLuation of Al for
NuClear medicinE) guidelines.

In this report, the terms “training,” “validation,” and “testing” will
denote the building of a model on a specific dataset, the tuning/opti-
mization of the model parameters, and the evaluation of the optimized
model, respectively. The focus of this report is purely on testing/eval-
uation of an already developed Al algorithm. Best practices for devel-
opment of Al algorithms are described in a companion paper (6).

EET3

Il. COMPONENTS OF THE CLAIM

The claim provides a clear and descriptive characterization of
the performance of an Al algorithm based on how well it assists in
the clinical task. The components of a claim are shown in Figure 1
and described below.

11.1. Definition of the Clinical Task

In this paper, the term “task” refers to the clinical goal for which
the image was acquired. Broadly, in nuclear medicine, tasks can be
grouped into 3 categories: classification (including lesion detection),
quantification, or joint classification and quantification. A classifica-
tion task is defined as one where the patient image is used to classify
the patient into one of several categories. For example, identifying if
cancer is present or absent or the cancer stage from an oncologic
PET image. Similarly, predicting whether a patient would/would not
respond to therapy would be a classification task. A quantification
task is defined as one where some numeric or statistical feature is
estimated from the patient image. Examples include quantifying
SUV, metabolic tumor volume (MTV), intralesion heterogeneity, or
kinetic parameters from oncologic PET images.

11.2. Patient Population for Whom the Task Is Defined
The performance of an imaging algorithm can be affected by
the physical and statistical properties of the imaged patient
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FIGURE 1. The components of a claim. (Scanner image: iStock photo.)

population. Results for one population may not necessarily trans-
late to others (3,7). Thus, the patient population should be defined
in the claim. This includes aspects such as sex, ethnicity, age
group, geographic location, disease stage, social determinants
of health, and other disease and application-relevant biologic
variables.

11.3. Definition of Imaging Process

The imaging system, acquisition protocol, and reconstruction
and analysis parameters may affect task performance. For exam-
ple, an Al algorithm evaluated for a high-resolution PET system
may rely on high-frequency features captured by this system and
thus not apply to low-resolution systems (8). Depending on the
algorithm, specific acquisition protocol parameters may need to be
specified or the requirement to comply with a certain accreditation
standard, such as SNMMI-Clinical Trial Network, RSNA QIBA
profile, and the EARL standards, may need to be stated. For exam-
ple, an Al-based denoising algorithm for ordered-subsets-expecta-
tion-maximization (OSEM)-based reconstructed images may not
apply to images reconstructed using filtered backprojection or
even for a different number of OSEM iterations since noise prop-
erties change with iteration numbers. Thus, depending on the
application, the claim should specify the imaging protocol. Fur-
ther, if the algorithm was evaluated across multiple scanners, or
with multiple protocols, that should be specified.

11.4. Process to Extract Task-Specific Information

Task-based evaluation of an imaging algorithm requires a strategy
to extract task-specific information from the images. For classifica-
tion tasks, a typical strategy is to have human observer(s) read the
images, detect lesions, and classify the patient or each detected lesion
into a certain class (e.g., malignant or benign). Here, observer com-
petency (multiple trained radiologists/one trained radiologist/resi-
dent/untrained reader) will impact task performance. The choice of
the strategy may impact confidence of the validity of the algorithm.
This is also true for quantification and joint classification/quantifica-
tion tasks. Thus, this strategy should be specified in the claim.

11.5. Figure of Merit (FoM) to Quantify Task Performance

FoMs quantitatively describe the algorithm’s performance on
the clinical task, enabling comparison of different methods, com-
parison to standard of care, and defining quantitative metrics of
success. FoMs should be accompanied by confidence intervals
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(CIs), which quantify uncertainty in performance. To obtain the
FoM, a reference standard is needed. The process to define the ref-
erence standard should be stated.

The Claim Describes the Generalizability of an Al Algorithm:
Generalizability is defined as an algorithm’s ability to properly work
with new, previously unseen data, such as that from a different insti-
tution, scanner, acquired with a different image-acquisition protocol,
or processed by a different reader. By providing all the components
of a claim, an evaluation study will describe the algorithm’s general-
izability to unseen data, since the claim will specify the characteris-
tics of the population used for evaluation, state whether the
evaluation was single or multicenter, define the image acquisition
and analysis protocols used, as well as the competency of the
observer performing the evaluation study. Figure 2 presents a sch-
ematic showing how different kinds of generalizability could be
established. Some key points from this figure are:

e Providing evidence for generalizability requires external valida-
tion. This is defined as validation where some portion of the test-
ing study, such as the data (patient population demographics) or
the process to acquire the data, is different from that in the
development cohort. Depending on the level of external valida-
tion, the claim can be appropriately defined.

e For a study that claims to be generalizable across populations,
scanners, and readers, the external cohort would be from differ-
ent patient demographics, with different scanners, and analyzed
by different readers than the development cohort, respectively.

e Multicenter studies provide higher confidence about generaliz-
ability compared with single-center studies since they typically
include some level of external validation (patients from differ-
ent geographical locations/different scanners/different readers).

lll. METHODS FOR EVALUATION

The evaluation framework for Al algorithms is provided in Fig-
ure 3. The 4 classes of this framework are differentiated based on
their objectives, as briefly described below, with details provided in
the ensuing subsections. An example for an Al low-dose PET recon-
struction algorithm is provided. Figure 3 contains another example
for an Al-based automated segmentation algorithm. A detailed exam-
ple of using this framework to evaluate a hypothetical Al-based
transmission-less attenuation compensation method for SPECT
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(Supplemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org) (17) is provided in Supplemental section A.

e Class 1: Proof-of-concept (POC) evaluation: Shows the novelty
and promise of an algorithm proposed using task-agnostic FoMs.
Provides promise for further clinical task-specific evaluation.
Example: Evaluating the Al PET reconstruction algorithm using
root mean square error.

e Class 2: Technical task-specific evaluation: Quantifies technical
performance of an algorithm on a clinical task using measures
such as accuracy, repeatability, and reproducibility.

Example: Evaluating accuracy on the task of lesion detection
with the Al low-dose PET reconstructed images.

e C(lass 3: Clinical evaluation: Quantifies the algorithm’s efficacy
to assist in making clinical decisions. Al algorithms that claim
improvements in making diagnostic, predictive, prognostic, or
therapeutic decisions require clinical evaluation.

PET reconstruction algorithm remains
effective over time after -clinical
deployment.

In the subsections below, for each class
of evaluation, we provide the key objectives, the best practices for
study design (including determining study type, data collection,
defining a reference standard, and choosing FoMs (Fig. 4)), and
finally, a generic structure for the claim.

11l.1. Proof-of-Concept (POC) Evaluation

II1.1.1. Objective: The objective of POC evaluation is to quan-
titatively demonstrate the technologic innovations of newly devel-
oped Al algorithms using task-agnostic FoMs and provide
evidence that motivates clinical task-specific evaluation. Clinical
or task-specific technical claims should not be put forth based on
POC evaluation.

Rationale for Task-Agnostic Objective: A newly developed Al
algorithm may be suitable for multiple clinical tasks. For example,
a segmentation algorithm may be applicable to radiation therapy
planning, estimating volumetric or radiomic features, or monitoring
therapy response. Evaluating the algorithm on all these tasks would

Clinically effective post

Efficacy on task-specific
technical aspects

Method shows
promise

deployment populations
Post-

Efficacy in making clinical deployment Method-derived MTV values can
decisions N prognosticate patient response
Clinical
evaluation

Proof of concept
evaluation

Method works robustly with

Method yields accurate and
precise MTV values

Al-based segmentation
method evaluated with
Dice scores

FIGURE 3. Framework for evaluation of Al-based algorithms. The left of the pyramid provides a brief description of the phase, and the right provides
an example of evaluating an Al-based segmentation algorithm on the task of evaluating MTV using this framework.
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FIGURE 4. Elements of study design for each class of evaluation.

require multiple studies. Further, necessary resources (such as a
large, representative dataset) may not be available to conduct these
studies. Thus, a task-agnostic objective facilitates timely dissemina-
tion and widens the scope of newly developed Al methods.

111.1.2. Study Design: The following are recommended best prac-
tices to conduct POC evaluation of an Al algorithm. Best practices to
develop the algorithm are covered in the companion paper (/6).

Data Collection: In POC evaluation, the study can use realistic
simulations, physical phantoms, or retrospective clinical or research
data, usually collected for a different purpose, for example, routine
diagnosis. The data used for evaluation may come from the develop-
ment cohort, that is, the same overall cohort that the training and val-
idation cohorts were drawn from. However, there must be no overlap
between these data. Public databases, such as those available at The
Cancer Imaging Archive (/8) and from medical image analysis chal-
lenges, such as at https://grand-challenge.org, can also be used.

Defining Reference Standard: For POC evaluations conducted
with simulation and physical phantoms, the ground truth is known.
For clinical data, curation by readers may be used, but that may
not be of the highest quality. For example, curations by a single
reader may be sufficient.

Testing Procedure: The testing procedure should be designed
to demonstrate promising technologic innovation. The algorithm
should thus be compared against reference and/or standard-of-care
methods and preferably other state-of-the-art algorithms.

Figures of Merit: While the evaluation is task-agnostic, the
FoMs should be carefully chosen to show promise for progression to
clinical task evaluation. For example, evaluating a new denoising
algorithm that overly smooths the image at the cost of resolution
using the FoM of contrast-to-noise ratio may be misleading. In those
cases, a FoM such as structural similarity index may be more rele-
vant. We recommend evaluation of the algorithms using multiple
FoMs. A list of some FoMs is provided in Supplemental Table 1.

I1I1.1.3. Output Claim of the POC Study: The claim should
state the following:

e The application (e.g., segmentation, reconstruction) for which the
method is proposed.
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The patient population.

The imaging and image analysis protocol(s).

Process to define reference standard.

Performance as quantified with a task-agnostic evaluation
metric.

We reemphasize that the POC study claim should not be inter-
preted as an indication of the algorithm’s expected performance in a
clinical setting or on any clinical task.

Example Claim: Consider the evaluation of a new segmenta-
tion algorithm. The claim could read as follows:

“An Al-based PET tumor-segmentation algorithm evaluated
on 50 patients with locally advanced breast cancer acquired
on a single scanner with single-reader evaluation yielded mean
Dice scores of 0.78 (95% CI 0.71-0.85).”

1.2 Technical Task-Specific Evaluation

1I1.2.1. Objective: The objective of technical task-specific evalua-
tion is to evaluate the technical performance of an Al algorithm on
specific clinically relevant tasks such as those of detection and
quantification using FoMs that quantify aspects such as accuracy (dis-
crimination accuracy for detection task and measurement bias for quan-
tification task) and precision (reproducibility and repeatability). The
objective is not to assess the utility of the method in clinical decision
making, because clinical decision making is a combination of factors
beyond technical aspects, such as prior clinical history, patient biology,
other patient characteristics (age/sex/ethnicity), and results of other clin-
ical tests. Thus, this evaluation does not consider clinical outcomes.

For example, evaluating the accuracy of an Al-based segmenta-
tion method to measure MTV would be a technical efficacy study.
This study would not assess whether more accurate MTV mea-

surement led to any change in clinical outcome.

II1.2.2. Study Design: Given the goal of evaluating technical
performance, the evaluation should be performed in controlled set-
tings. Practices for designing such studies are outlined below. A
framework and summary of tools to conduct these studies in the
context of PET is provided in Jha et al. (10).
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TABLE 1
Technical Evaluation: Comparison of Different Study Types, Associated Trade-Offs, and Criteria That Can Be Evaluated
with the Study Type

Simulation Physical
studies phantoms Clinical studies
Known ground truth Y Y Rarely
Scanner-based Y Y
Advantage Model patient biology Yes, but Y
limited
Model population variability Y Y
Accuracy Y Y
Repeatability/reproducibility/noise sensitivity Y Y
with multiple replicates
Criterion that can be . - . i
evaluated Repeatability/reproducibility/noise sensitivity Y Yes and
with test-retest replicates recommended
Biologic repeatability/reproducibility/noise Y
sensitivity
Costs Low Medium High
Other factors to Time Low Medium High
consider
Confidence about clinical realism Low Medium High

Study Type: A technical evaluation study can be conducted
through the following mechanisms:

1. Realistic simulations are studies conducted with anthropomor-
phic digital phantoms simulating patient populations, where
measurements corresponding to these phantoms are generated
using accurately simulated scanners. This includes virtual clini-
cal trials, which can be used to obtain population-based infer-
ences (19-21).

. Anthropomorphic physical phantom studies are conducted on
the scanners with devices that mimic the human anatomy and
physiology.

. Clinical-data-based studies where clinical data are used to
evaluate the technical performance of an Al algorithm, for
example, repeatability of an Al algorithm measuring MTV in
test-retest PET scans.

The tradeoffs with these 3 study types are listed in Table 1.

using clinical data. Typically, multicenter studies are performed
to improve patient accrual in trials and therefore the same inclu-
sion and exclusion criteria are applied to all centers. Further,
multicenter studies can help assess the need for harmonization
of imaging procedures and system performances.

Data Collection:

Realistic simulation studies: To conduct realistic simulations,
multiple digital anthropomorphic phantoms are available (22).
In virtual clinical trial-based studies, the distribution of simu-
lated image data should be similar to that observed in clinical
populations. For this purpose, parameters derived directly
from clinical data can be used during simulations (4). Expert
reader-based studies can be used to validate realism of simu-
lations (23).

Next, to simulate the imaging systems, tools such as GATE
(24), SIMIND (25), SimSET (26), PeneloPET (27), and others
(10) can be used. Different system configurations, including

Each study type can be single or multiscanner/center, depending

on the claim: those replicating multicenter settings, can be simulated. If the

methods use reconstruction, then clinically used reconstruc-

o Single-center/single-scanner studies are typically performed with a tion protocols should be simulated. Simulation studies should

specific system, image acquisition, and reconstruction protocol. In
these studies, the algorithm performance can be evaluated for vari-
ability in patients, including different demographics, habitus, or dis-
ease characteristics, while keeping the technical aspects of the
imaging procedures constant. These studies can measure the sensi-
tivity of the algorithm to patient characteristics. They can also
study the repeatability of the Al algorithm. Reproducibility may be
explored by varying factors such as reconstruction settings.

Multicenter/multiscanner studies are mainly suitable to explore
the sensitivity of the AI algorithm to acquisition variabilities,
including variability in imaging procedures, systems, recon-
struction methods and settings, and patient demographics if

not use data used for algorithm training/validation.
Anthropomorphic physical phantom studies: For clinical rele-
vance, the tracer uptake and acquisition parameters when imag-
ing these phantoms should mimic that in clinical settings. To
claim generalizable performance across different scanner proto-
cols, different clinical acquisition and reconstruction protocols
should be used. A phantom used during training should not be
used during evaluation irrespective of changes in acquisition
conditions between training and test phases.

Clinical data: Technical evaluation studies will typically be ret-
rospective. Use of external datasets, such as those from an insti-
tution or scanner not used for method training/validation, is
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recommended. Public databases may also be used. Selection cri-
teria should be defined.

Process to Extract Task-Specific Information:

o Classification task: Performance of Al-based reconstruction or
postreconstruction algorithms should ideally be evaluated using
psychophysic studies by expert readers. Methods such as 2 alterna-
tive forced-choice tests and ratings-scale approaches could be used.
When human-observer studies are infeasible, validated numeric
anthropomorphic observers, such as the channelized Hotelling ob-
server with anthropomorphic channels, could be used (11,28,29).
This may be a better choice than using untrained human observers,
who may yield misleading measures of task performance. Al algo-
rithms for optimizing instrumentation/acquisition can be evalu-
ated directly on projection data. This provides the benefit that the
evaluation would be agnostic to the choice of the reconstruction
and analysis method (30,37). In this case, observers that are opti-
mal in some sense, such as the ideal observer (which yields the
maximum possible area under the receiver-operating-characteristics
[ROC] curve [AUC] of all observers) should be used (28). The
ideal observer can be challenging to compute in clinical settings,
and to address this different strategies are being developed (32,33).
An example of evaluating a hypothetical Al method for improv-
ing timing resolution in a time-of-flight PET system is presented in
Jhaetal. (10).

e Quantification task: The task should be performed using optimal
quantification procedures to ensure that the algorithm evaluation
is not biased due to a poor quantification process. Often, per-
forming quantification requires an intermediate manual step.
For example, the task of regional uptake quantification from
reconstructed images may require manual delineation of regions
of interest. Expert readers should perform these steps. Nuclear
medicine images are noisy and corrupted by image-degrading
processes. Thus, the process of quantification should account
for the physics and statistical properties of the measured data.
For example, if evaluating a segmentation algorithm on the task
of quantifying a certain feature from the image, the process of
estimating that feature should account for the image-degrading
processes and noise (/0). Maximum-likelihood estimation
methods could be an excellent choice since they are often unbi-
ased and if an efficient estimator exists, they are efficient (/7).
If using prior information on the parameters to be estimated,
maximum-a-posteriori (34) and posterior-mean (35) estimators
could be used. In several cases, measuring quantitative features
directly from projection data may yield optimal quantification
(36,37) and can be considered.

e Joint classification/quantification task: These tasks should again
be performed optimally. If manual inputs are needed for the
classification or quantification component of the task, these
should be provided by expert readers. Numeric observers such
as channelized scanning linear observers (38) and those based
on deep learning (39) can also be used.

Defining a Reference Standard: For simulation studies, the
ground-truth is known. Experimental errors may arise when
obtaining ground truth from physical-phantom studies, and prefer-
ably, these should be modeled during the statistical analysis. For
clinical studies, ground truth is commonly unavailable. A common
workaround is to define a reference standard. The quality of cura-
tion to define this standard should be high. When the reference
standard is expert defined, multireader studies are preferred where
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the readers have not participated in the training of the algorithm,
and where each reader independently interprets images, blinded to
the results of the Al algorithm and the other readers (40). In other
cases, the reference standard may be the current clinical practice.
Finally, another approach is to use no-gold-standard evaluation
techniques, which have shown ability to evaluate algorithm perfor-
mance on quantification tasks without ground truth (4/—43).

Figures of Merit: A list of FoMs for different tasks is provided
in Supplemental Table 2. Example FoMs include AUC to quantify
accuracy on classification tasks, bias, variance, and ensemble mean
square error to quantify accuracy, precision, and overall reliability
on quantification tasks, and area under the estimation ROC curve
for joint detection/classification tasks. Overall, we recommend the
use of objective task-based measures to quantify performance, and
not measures that are subjective and do not correspond to the clini-
cal task. For a multicenter study, variability of these FoMs across
centers, systems, or observers should be reported.

II1.2.3. Output Claim from Evaluation Study: The claim will
consist of the following components:

e The clinical task (detection/quantification/combination of both)
for which the algorithm is evaluated.

The study type (simulation/physical phantom/clinical).

If applicable, the imaging and image analysis protocol.

If clinical data, process to define ground truth.

Performance, as quantified with task-specific FoMs.

Example Claim: Consider the same automated segmentation
algorithm as mentioned in the proof-of-concept section being eval-
uated to estimate MTV. The claim could be:

“An Al-based fully automated PET tumor-segmentation algo-
rithm yielded MTV values with a normalized bias of X%
(95% confidence intervals) as evaluated using physical-phantom
studies with an anthropomorphic thoracic phantom conducted
on a single scanner in a single center.”

1113 Clinical Evaluation

II1.3.1. Objective: Evaluate the impact of the Al algorithm on
making clinical decisions, including diagnostic, prognostic, predictive,
and therapeutic decisions for primary endpoints such as improved
accuracy or precision in measuring clinical outcome. While technical
evaluation is geared toward quantifying the performance of a tech-
nique in controlled settings, clinical evaluation investigates clinical
utility in a practical setting. This evaluation will assess the added
value that the Al algorithm brings to clinical decision making.

I11.3.2. Study Design:

Study Type: The following study types can be used:

e Retrospective study: A retrospective study uses existing data
sources. In a blinded retrospective study, readers analyzing the
study data are blinded to the relevant clinical outcome. Retro-
spective studies are the most common mechanism to evaluate Al
algorithms. Advantages of these studies include low costs and
quicker execution. These studies can provide considerations for
designing prospective studies. With rare diseases, these may be
the only viable mechanism for evaluation. However, these stud-
ies cannot conclusively demonstrate causality between the algo-
rithm output and the clinical outcome. Also, these studies may
be affected by different biases such as patient-selection bias.

e Prospective observational study: In this study, the consequential
outcomes of interest occur after study commencement, but the
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Does the study claim
directly make interventional

recommendations?
No
Is data available to Yes
clinically evaluate
Yes the method?
No
Recommend Recommend Recommend
blinded prospective prospective
retrospective observational study/ interventional study/
study real-world evidence real-world evidence

FIGURE 5. Flowchart to determine the clinical evaluation strategy.

decision to assign participants to an intervention is not influ-
enced by the algorithm (44). These studies are often secondary
objectives of a clinical trial.

e Prospective interventional study: In a prospective interventional
study of an Al algorithm, the decision to assign the participant
to an intervention depends on the Al algorithm output. These
studies can provide stronger evidence for causation of the Al
algorithm output to clinical outcome. The most common and
strongest prospective interventional study design are random-
ized control trials, although other designs such as nonrandom-
ized trials and quasiexperiments are possible (45). Randomized
control trials are considered the gold standard of clinical evalua-
tion but are typically logistically challenging, expensive, and
time consuming, and should not be considered as the only
means to ascertain and establish effective algorithms.

e Real-world postdeployment evaluation studies: These studies use
real-world data from Al algorithms that have received regulatory
clearance (43). Such studies have the potential to provide information
on a wider patient population compared with a prospective interven-
tional study. Moreover, the real-world data can be leveraged not only
to improve performance of the initially cleared Al device but also to
evaluate new clinical applications that require the same data or data
similar to the initially cleared Al module, thus saving time and cost.
The study design should be carefully crafted with a study protocol
and analysis plan defined before retrieving/analyzing the real-world
data (46,47), with special attention paid to negate bias (48).

Choosing the study type is a multifactorial decision (Fig. 5). To
decide on the appropriate study type, we make a distinction between
Al algorithms that make direct interventional recommendations (pre-
scriptive Al) and those that do not (descriptive Al):

e A purely descriptive Al algorithm does not make direct inter-
ventional recommendations but may alter clinical decision mak-
ing. The algorithms can be further categorized into those that
describe the present (e.g., for diagnosis, staging, therapy
response assessment) versus those that predict the future (e.g.,
prognosis of therapy outcome, disease progression, overall sur-
vival). There are close links between these 2 categories, and the
line between them will likely be increasingly blurred in the era
of Al: for example, more-refined Al-derived cancer staging that
is trained with outcome data and therefore becomes highly pre-
dictive of outcome. A well-designed blinded retrospective study
is sufficient to evaluate a purely descriptive Al system. How-
ever, if clinical data for a retrospective study do not exist, a pro-
spective observational or real-world study is required.

e A prescriptive Al algorithm makes direct interventional recom-
mendation(s). It may have no autonomy (i.e., only making a rec-
ommendation to a physician) or full autonomy (no supervision),
or grades in between. For a prescriptive Al algorithm that is not
autonomous, a prospective interventional study is recommended.
A well-designed real-world study may be used as a substitute.
However, for a fully autonomous prescriptive Al system of the
future (e.g., fully automated therapy delivery), such a study may
be required. Future studies and recommendations are needed for
autonomous prescriptive Al systems, as the field is not mature
enough. Thus, we limit the scope of this section to only those sys-
tems that have expert physician supervision.

Data Collection: An Al algorithm yielding strong performance
using data from one institution may perform poorly on data from
other institutions (5). Thus, we recommend that for clinical evalua-
tion, test data should be collected from different, and preferably mul-
tiple, institutions. Results from external institutions can be compared
with internal hold-out samples (data from the same institution not
used for training) to evaluate generalizability. To avoid variation due
to site selection used for the external validation, or random bias in
internal sample selection, a leave-one-site repeated hold-out (e.g., 10-
fold cross-validation) strategy can be used with a dataset that is
completely independent from the training and validation dataset.

To demonstrate applicability over a certain target population,
the collected data should be representative of that population in
terms of demographics. When the goal is studying performance on
a specific population subset (e.g., patients with large body mass
indices) or checking sensitivity of the method to certain factors
(e.g., patients with metallic implants), the other criteria for patient
selection should be unbiased. This ensures that the evaluation spe-
cifically studies the effect of that factor.

In studies that are retrospective or based on real-world data,
once a database has been set up corresponding to a target popula-
tion using existing datasets, patients should be randomly selected
from this database to avoid selection bias.

Sample-size considerations: The study must have a predefined
statistical analysis plan (49). The sample size is task dependent.
For example, if the claim of improved AUC with the Al method
versus a non-Al approach or standard clinical analysis is studied,
then the sample size will be dictated by the detection of the
expected change between the 2 AUCs. Inputs required for power
analysis to compute sample size may be obtained from POC and
technical evaluation studies or separate pilot studies.

Defining a Reference Standard: For clinical evaluation, the ref-
erence standard should be carefully defined. This requires in-depth
clinical and imaging knowledge of the data. Thus, medical experts
should be involved in defining task-specific standards. Some refer-
ence standards are listed below:

e Clinical outcomes: Eventually the goal of imaging is to improve
clinical outcomes. Outcomes such as overall survival, progression-
free survival, major clinical events, and hospitalization could thus
serve as gold standards, especially for demonstrating clinical util-
ity in predictive and prognostic tasks. A decrease in the use of
resources because of the Al tool with comparable outcomes could
also be a relevant and improved outcome (e.g., fewer nonessential
call back tests with Al).

e External standard: For disease diagnosis tasks, when available,
an external standard such as invasive findings, for example,
biopsy-pathology or invasive coronary angiography, or some
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other definitive diagnosis (derived from other means than the
images used) could be considered.

e Trained-reader-defined clinical diagnosis: For diagnostic tasks,
expert reader(s) can be used to assess the presence/absence of
the disease. Similar best practices as outlined for evaluating
technical efficacy should be followed to design these studies.
However, note that, unlike technical evaluation, here the goal is
disease diagnosis. Thus, the readers should also be provided
other factors that are used to make a clinical decision, such as
the patient age, sex, ethnicity, other clinical factors that may
impact disease diagnosis, and results from other clinical tests.
Note that if the reference standard is defined using a standard-
of-care clinical protocol, it may not be possible to claim
improvement over this protocol. In such a case, agreement-
based studies can be performed and concordance with these
protocol results could be claimed within certain confidence lim-
its. For example, to evaluate the ability of an Al-based transmis-
sion-less attenuation compensation algorithm for SPECT/PET,
we may evaluate agreement of the estimates yielded by this
algorithm with that obtained when a CT is used for attenuation
compensation (50).

Figure of Merit: We recommend quantifying performance on
strong, impactful, and objectively measurable endpoints such as
improved accuracy or precision in measuring clinical outcome. The
FoMs are summarized in Supplemental Table 2. To evaluate per-
formance on diagnosis tasks, the FoMs of sensitivity, specificity,
ROC curves, and AUC can be used. Since the goal is demonstrat-
ing the performance of the algorithm in clinical decision making,
sensitivity and specificity may be clinically more relevant than
AUC. To demonstrate clinical utility in predictive and prognostic
decision making, in addition to AUC, FoMs that quantify perfor-
mance in predicting future events such as Kaplan—Meier estimators,
prediction risk score, and median time of future events can be used.

1I1.3.3. Output Claim from Clinical Evaluation Study: The

claim will state the following:

The clinical task for which the algorithm is evaluated.

The patient population over which the algorithm was evaluated.
The specific imaging and image-analysis protocol(s) or stand-
ards followed.

Brief description of study design: Blinded/nonblinded, random-
ized/nonrandomized, retrospective/prospective/postdeployment,
observational/interventional, number of readers.

Development

Registry, pilot
studies to develop
clinical
hypothesis,
feedback to
developers

Evaluation

Off-label evaluation
Evaluation in new
patient cohorts, new
protocols, other
diseases

Multi-center
pooling,
federated
learning

2
©
8
)
>

Evaluation using real

melepemelet world studies

validation

Patient
safety,
tracking of
issues

monitoring study

FIGURE 6. Chart showing the different objectives of postdeployment
monitoring, grouped as a function of the scope and goal of the study.
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e Process to define reference standard and FoM to quantify per-
formance in clinical decision making.

Example Claims:

i. Retrospective study: The average AUC of 3 experienced readers
on the task of detecting obstructive coronary artery disease from
myocardial perfusion PET scans improved from X to Y, repre-
senting an estimated difference of A (95% CI for A), when using
an Al-based diagnosis tool compared with not using this tool, as
evaluated using a blinded retrospective study.

. Prospective observational study: Early change in MTV measured
from FDG PET using an Al-based segmentation algorithm yielded
an increase in AUC from X to Y, representing an estimated differ-
ence of A (95% CI for A) in predicting pathologic complete
response in patients with stage II/III breast cancer, as evaluated
using a nonrandomized prospective observational study.

Prospective interventional study: Changes in PET-derived quan-

titative features estimated with the help of an Al algorithm dur-

ing the interim stage of therapy were used to guide treatment
decisions in patients with stage III non—small cell lung cancer.

This led to an X% increase (95% CI) in responders than when

the Al algorithm was not used to guide treatment decisions, as

evaluated using a randomized prospective interventional study.

=

i

=

iii.

11l.4. Postdeployment Evaluation

1I1.4.1. Objective: Postdeployment evaluation has multiple
objectives. A key objective is monitoring algorithm performance
after clinical deployment including evaluating clinical utility and
value over time. Other objectives include off-label evaluation and

collecting feedback for proactive development (Fig. 6).

111.4.2. Evaluation Strategies:

Monitoring: Quality and patient safety are critical factors in
postdeployment monitoring of an Al algorithm. It is imperative to
monitor devices and follow reporting guidelines (such as adverse
events), recalls, and corrective actions. Fortunately, applicable laws
and regulations require efficient processes in place. Often, logging
is used to identify root causes for equipment failure. However, the
concept of logging can be expanded: advanced logging mecha-
nisms could be used to better understand use of an Al algorithm. A
simple use case is logging the frequency of using an Al algorithm
in clinical workflow. Measuring manual intervention for a work-
flow step that was designed for automation could provide a first
impression of the performance in a clinical environment. However,
more complex use cases may include the aggregation of data on Al
algorithm performance and its impact on patient and disease man-
agement. For wider monitoring, feedback should be sought from
customers, including focus groups, customer complaint and inquiry
tracking, and ongoing technical performance benchmarking (57).
This approach may provide additional evidence on algorithm per-
formance and could assist in finding areas of improvements, clini-
cal needs not well served or even deriving a hypothesis for further
development. Advanced data logging and sharing must be compli-
ant with applicable patient privacy and data protection laws and
regulations.

Routinely conducted image-quality phantom studies also provide
a mechanism for postdeployment evaluation by serving as sanity
checks to ensure that the Al algorithm was not affected by a main-
tenance operation such as a software update. These studies could
include assessing contrast or SUV recovery, absence of nonuni-
formities or artifacts, cold-spot recovery, and other specialized tests
depending on the Al algorithm. Also, tests can be conducted to
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TABLE 2
RELAINCE Guidelines

Class of evaluation

Recommendation

Ensure no overlap between development and testing cohort.

Check that ground-truth quality is reasonable.

Proof of concept evaluation

Provide comparison with conventional and state-of-the-art methods.

Choose figures of merit that motivate further clinical evaluation.

Choose clinically relevant tasks: Detection/quantification/combination of both.

Determine the right study type: Simulation/phantom/clinical.

Ensure that simulation studies are realistic and account for population variability.

Technical task-specific evaluation

Testing cohort should be external.

Reference standard should be high quality and correspond to the task.

Use a reliable strategy to extract task-specific information.

Choose figures of merit that quantify task performance.

Determine study type: Retrospective, prospective observational, prospective
interventional, or postdeployment real-world studies.

Testing cohort must be external.

Clinical evaluation

Collected data should represent the target population as stated in the claim.

Reference standard should be high quality and be representative of those used for clinical

decision making.

Figure of merit should reflect performance on clinical decision making.

Monitor devices and follow reporting guidelines.

Consider phantom studies as sanity checks to assess routine performance.

Postdeployment evaluation

Periodically monitor data drift.

For off-label evaluation, follow recommendations as in clinical/technical evaluation

depending on objective.

ensure that there is a minimal or harmonized image quality as
required by the Al tool for the configurations as stated in the claim.

Al systems likely will operate on data generated in nonstation-
ary environments with shifting patient populations and clinical and
operational practices changing over time (9). Postdeployment stud-
ies can help identify these dataset shifts and assess if recalibration
or retraining of the Al method may be necessary to maintain per-
formance (52,53). Monitoring the distribution of various patient
population descriptors, including demographics and disease preva-
lence, can provide cues for detecting dataset shifts. In the case of
changes in these descriptors, the output of the Al algorithm can be
verified by physicians for randomly selected test cases. A possible
solution to data shift is continuous learning of the AI method (54).
In Supplemental Section B, we discuss strategies (55—-57) to evalu-
ate continuous-learning-based methods.

Off-Label Evaluation: Typically, an Al algorithm is trained and
tested using a well-defined cohort of patients, in terms of patient dem-
ographics, applicable guidelines, practice preferences, reader exper-
tise, imaging instrumentation, and acquisition and analysis protocols.
However, the design of the algorithm may suggest acceptable perfor-
mance in cohorts outside the intended scope of the algorithm. Here, a
series of cases is appropriate to collect preliminary data that may sug-
gest a more thorough trial. An example is a study where an Al algo-
rithm that was trained on patients with lymphoma and lung cancer
(58) showed reliable performance in patients with breast cancer (59).

Collecting Feedback for Proactive Development: Medical
products typically have a long lifetime. This motivates proactive

development and maintenance to ensure that a product represents
state of the art throughout its lifetime. This may be imperative for
Al, where technologic innovations are expected to evolve at a fast
pace in the coming years. A deployed Al algorithm offers the
opportunity to pool data from several users. Specifically, registry
approaches enable cost-efficient pooling of uniform data, multi-
center observational studies, and POC studies that can be used to
develop a new clinical hypothesis or evaluate specific outcomes
for particular diseases.

Figures of Merit: We provide the FoMs for the studies where
quantitative metrics of success are defined.

e Monitoring study with clinical data: Frequency of clinical usage
of the AI algorithm, number of times the Al-based method
changed clinical decisions or affected patient management.

e Monitoring study with routine physical phantom studies: Since
these are mostly sanity checks, FoMs similar to those used
when evaluating POC studies may be considered. In case task-
based evaluation is required, FoMs as provided in Supplemental
Table 1 may be used.

e Off-label evaluation: FoMs similar to those used when perform-
ing technical and clinical evaluation may be considered.

IV. DISCUSSION

The key recommendations from this article are summarized in
Table 2. These are referred to as the RELAINCE (Recommendations
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for EvaLuation of Al for NuClear medicinE) guidelines, with the goal
of improving the reliance of Al for clinical applications. Unlike other
guidelines for the use of Al in radiology (60-62), these guidelines are
exclusively focused on best practices for Al algorithm evaluation.

This report advocates that an evaluation study should be geared
toward putting forth a claim. The objective of the claim can be
guided by factors such as the degree of impact on patient manage-
ment, level of autonomy, and the risk that the method poses to
patients. Risk categories have been proposed for medical software
by the International Medical Device Regulators Forum and subse-
quently adopted by the Food and Drug Administration (63). The
proposed risk categories range from 1 (low risk) to 4 (highest risk)
depending on the vulnerability of the patient and the degree of
control that the software has in patient management. The pathway
that a developing technology will take to reach clinical adoption
will ultimately depend on which risk category it belongs to, and
investigators should assess risk early during algorithm develop-
ment and plan accordingly (64).

In this report, we have proposed a 4-class framework for evalu-
ation. For clinical adoption, an algorithm may not need to pass
through all classes. The POC evaluation is optional as the objec-
tive of this class is to only demonstrate promise for further evalua-
tion. Further, not all these classes may be fully relevant to all
algorithms. For example, an Al segmentation algorithm may require
technical but not necessarily clinical evaluation for clinical adoption.
The types of studies required for an algorithm will depend on the
claim. For example, an Al algorithm that claims to make improve-
ment in making clinical decisions will require clinical evaluation.
For clinical acceptability of an Al algorithm, evaluating performance
on clinical tasks is most important. POC, technical, and clinical eval-
uation could all be reported in the same multipart study.

The evaluation studies should preferably be multidisciplinary
and include computational imaging scientists, physicians, physi-
cists, and statisticians right from the study conception stage. Physi-
cians should be closely involved because they are the end users of
these algorithms. Previous publications have outlined the impor-
tant role of physicians in evaluation of Al algorithms (65), includ-
ing for task-based evaluation of Al algorithms for nuclear
medicine (10).

The proposed best practices are generally applicable to evaluating
a wide class of Al algorithms, including supervised, unsupervised,
and semisupervised approaches. For example, we recommend that
for even semisupervised and unsupervised learning algorithms, the
algorithm should be evaluated on previously unseen data. Addition-
ally, these best practices are broadly applicable to other machine
learning as well as physics-based algorithms for nuclear medicine
imaging. Further, whereas these guidelines are being proposed in the
context of nuclear medicine imaging, they are also broadly applicable
to other medical imaging modalities.

In addition to the above practices, we also recommend that in
each class of evaluation, evaluation studies should attempt to assess
the interpretability of the algorithm. In fact, rigorous evaluations
may provide a mechanism to make the algorithm more interpretable.
For example, a technical efficacy study may observe suboptimal per-
formance of an Al-based denoising algorithm on the tumor-detection
task. Then, the evaluation study could investigate the performance of
the algorithm for different tumor properties (size/tumor-to-back-
ground ratio) on the detection task (66). This will provide insights on
the working principles of the algorithm, thus improving the interpret-
ability of the algorithm.

1298

In summary, Al-based algorithms present an exciting toolset for
advancing nuclear medicine. We envision that following these
best practices for evaluation will assess suitability and provide
confidence for clinical translation of these algorithms, and provide
trust for clinical application, ultimately leading to improvements
in the quality of health care.
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Somatostatin receptor (SSTR) imaging has brought about
impactful changes in clinical management of neuroendocrine tumors
(NETs), including pheochromocytoma and paraganglioma (PPGL)
(1,2). It allows tumor detection and disease characterization and is
mandatory for selecting patients who are likely to benefit from pep-
tide receptor radionuclide therapy (commonly referred to as thera-
nostics). In 2016, [°®Ga]Ga-DOTATATE (Netspot; Advanced
Accelerator Applications) received Food and Drug Administration
approval. Recently in 2020, the Food and Drug Administration
approved the radiopharmaceutical [**Cu]Cu-DOTATATE (Detect-
net; Curium) as an SSTR imaging option.

[®®Ga]Ga-SSTR PET/CT has been increasingly evaluated in
PPGLs of various genetic backgrounds (3,4). A recent metaanalysis
showed the pooled PPGL detection rate of [**Ga]Ga-SSTR PET/
CT in patients with unknown genetic status to be 93%, which was
significantly higher than that of ['®F]-fluorodihydroxyphenylalanine
(['®F]-FDOPA) PET/CT (80%), ['8F]-FDG PET/CT (74%), and
[123/131T]-metaiodobenzylguanidine scintigraphy [(38%), P < 0.001
for all] (5). These studies reflect the clinical utility of [*Ga]Ga-
SSTR in PPGL imaging. However, ['3F]-FDOPA is the preferred
radiopharmaceutical of choice in cluster 1B (pseudohypoxia-related:
VHL/HIF24/PHDI/2) or cluster 2 (kinase signaling—related: RE7/
NFI1/TMEM127/MAX) mutated PPGLs (3,4).

Recently, DOTATATE was radiolabeled with Copper-64, which
should be inspected from a clinical perspective. In a prospective
head-to-head comparison between [**Cu]Cu-DOTATATE and
[*®Ga]Ga-DOTATOC PET/CT in 59 NET patients, Johnbeck et al.
reported a slightly higher detection rate for the former (99.1% vs.
95.6%), with 701 concordant lesions on both scans (6). Of 40 addi-
tional true-positive lesions detected on either scan, significantly
more true-positive lesions were detected by [**Cu]Cu-DOTATATE
(n = 33) than by [*3Ga]Ga-DOTATOC (82.5% vs. 17.5%, P <
0.0001). Although the authors attributed the better detection rate to
the shorter positron range of Copper-64 (6), one must consider that
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the study used different peptides (DOTATATE vs. DOTATOC)
linked to Copper-64 versus Gallium-68, respectively. In a pro-
spective phase III clinical trial from the United States on 42
NET patients and 21 healthy volunteers, Delpassand et al. deter-
mined that PET/CT images of diagnostic quality can be acquired
with a dose of 148 MBq of [**Cu]Cu-DOTATATE, achieving a
sensitivity of 100.0% with 96.8% specificity by masked readers
(7). In another study, on 112 NET patients, when [**Cu]Cu-
DOTATATE was compared with ['!!In]In-diethylenetriamine
pentaacetate-octreotide the former detected more lesions (1,213
vs. 603) and more organ involvement (in 36% of patients) (8).
These 2 studies led to approval of [**Cu]Cu-DOTATATE by the
Food and Drug Administration in September 2020 for the localiza-
tion of NETs (8).

Tumor detectability also depends on the radionuclide’s physical
properties, which can have a significant impact on diagnostic perfor-
mance (6). Gallium-68 has a lower positron energy than Copper-64
(0.65 vs. 1.90 MeV), resulting in a lower positron range (0.56 vs. 3.5
mm) that provides superior spatial resolution, improved imaging
quality, and enhanced detection of small lesions (7). Since Copper-
64 suffers from a lower positron yield than Gallium-68 (17% vs.
88%), Copper-64 would theoretically require a higher injected activ-
ity to achieve the same positron count as Gallium-68 (6). However,
PET/CT images of diagnostic quality were acquired with a dose of
148 MBq of [**Cu]Cu-DOTATATE (7). Nevertheless, the radiation
exposure associated with 200 MBq of [*®Ga]Ga-DOTATATE
(4.3 mSv) is lower than that associated with 148 MBq of [**Cu]Cu-
DOTATATE (4.7 mSv), per the package inserts. Furthermore, the
long half-life of Copper-64 (12.7 h) has potential advantages over
Gallium-68 (1.1 h). This longer half-life allows a scanning window
of at least 1-3 h after injection, potentiating a better tumor-to-back-
ground ratio and offering logistic benefits in coordinating radio-
chemical production and patient arrival (6). Additionally, serial
multiple-time-point imaging is possible with a longer half-life,
enabling dosimetric calculations. Lastly, this longer half-life along
with centralized production of Copper-64 allows for easier distribution
of Copper-64 to remote geographic areas. The physical properties,
including other characteristics of both [*®Ga]Ga-DOTATATE and
[¢*Cu]Cu-DOTATATE, are summarized in Supplemental Table 1
(supplemental materials are available at http:/jnm.snmjournals.org).
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FIGURE 1. SSTR imaging with [**Cu]Cu-DOTATATE and [®*Ga]Ga-
DOTATATE in PPGL. Figure shows maximume-intensity projection images
in 4 patients who underwent imaging with both [6*Cu]Cu-DOTATATE (top
panel) and [*®Ga]Ga-DOTATATE (bottom panel). Leveling of all maximum-
intensity projection images is at same SUV 4, ranging from 0 to 14.

Five patients (4 new, 1 follow-up) who had undergone [**Cu]
Cu-DOTATATE at outside institutions presented to us and
underwent [**Ga]Ga-DOTATATE scans prospectively at the
National Institutes of Health. The institutional review board of the
Eunice Kennedy Shriver National Institute of Child Health and
Human Development (clinical trial number NCT00004847)
approved this study, and all subjects gave written informed consent.
Four of these 5 patients (2 women, 2 men; mean age, 52.3 = 21.0y;
range, 32-75y; 1 SDHB, 1 SDHD, and 2 sporadic) did not receive
any new antitumor intervention between the 2 scans. The median
interval between the [**Cu]Cu-DOTATATE scan (mean activity,
148 = 11.1 MBq; mean uptake time, 71.8 = 10.9 min) and the
[*®Ga]Ga-DOTATATE scan (mean activity, 199.8 *= 7.4MBag;
mean uptake time, 60.3 * 1.3 min) was 2mo (range, 1-4mo).
Details on the PET/CT imaging techniques, scanner, and protocol
are summarized in Supplemental Tables 2 and 3. All 4 patients were
positive on both scans (Fig. 1). In patient 1, who was undergoing
cold somatostatin analog therapy with lanreotide, [*®Ga]Ga-DOTA-
TATE seemed to detect more lesions than [**Cu]Cu-DOTATATE,
and one might conclude that there had been progression of disease
despite therapy. However, this observation could also be attributable
to a difference in spatial resolution between scanners, differences in
image acquisition and reconstruction methods, or a combination of
these factors. Therefore, it is also important to optimize [**Cu]Cu-
DOTATATE image acquisition and reconstruction methods, using
protocols optimized for the physical properties of Copper-64.

Intraindividual head-to-head comparison between [**Cu]Cu-
DOTATATE and [*®Ga]Ga-DOTATATE is lacking in PPGLs. It is

SOMATOSTATIN RECEPTOR IMAGING IN PPGL -

too early to answer the question of whether Copper-64 or Gallium-
68 should be used for PPGL imaging, especially in the widespread
landscape of functional imaging options available (['®F]-FDOPA,
['8F]-FDG, and ['?*1]-metaiodobenzylguanidine) (4,9). Until we
gather more evidence, both [*®Ga]Ga-DOTATATE and [**Cu]Cu-
DOTATATE should be considered interchangeable; however, we
do suggest remaining consistent with the SSTR imaging choice
for follow-up imaging. This is vital in those patients who are in a
watch-and-wait scheme (stable for a considerable time because of
their slow progression), and the incorrect determination could lead
to an unwarranted change in management. Seamless availability
and distribution of SSTR imaging to the users is necessary to ade-
quately meet an increasing and broader geographic demand.

In conclusion, despite the theoretic advantages of each radiophar-
maceutical over the other, currently available comparison data are
not conclusive about the superiority of one over the other. There-
fore, until definitive data emerge, both [*®Ga]Ga-DOTATATE and
[**Cu]Cu-DOTATATE can be used interchangeably, if one remains
consistent with the SSTR imaging choice for follow-up imaging.
The future looks bright for SSTR theranostics with the advent of
novel promising radionuclides that will substantially expand
their use in NETs, including PPGLs.
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Pretargeted radioimmunodiagnosis and radioimmunotherapy aim to
efficiently combine antitumor antibodies and medicinal radioisotopes
for high-contrast imaging and high-therapeutic-index (TI) tumor tar-
geting, respectively. As opposed to conventional radioimmunoconju-
gates, pretargeted approaches separate the tumor-targeting step
from the payload step, thereby amplifying tumor uptake while reduc-
ing normal-tissue exposure. Alongside contrast and Tl, critical param-
eters include antibody immunogenicity and specificity, availability of
radioisotopes, and ease of use in the clinic. Each of the steps can be
optimized separately; as modular systems, they can find broad appli-
cations irrespective of tumor target, tumor type, or radioisotopes.
Although this versatility presents enormous opportunity, pretargeting
is complex and presents unique challenges for clinical translation and
optimal use in patients. The purpose of this article is to provide a brief
historical perspective on the origins and development of pretargeting
strategies in nuclear medicine, emphasizing 2 protein delivery sys-
tems that have been extensively evaluated (i.e., biotin—streptavidin
and hapten-bispecific monoclonal antibodies), as well as radiohapt-
ens and radioisotopes. We also highlight recent innovations, including
pretargeting with bioorthogonal chemistry and novel protein vectors
(such as self-assembling and disassembling proteins and Affibody
molecules). We caution the reader that this is by no means a compre-
hensive review of the past 3 decades of pretargeted radioimmuno-
diagnosis and pretargeted radioimmunotherapy. But we do aim to
highlight major developmental milestones and to identify benchmarks
for success with regard to Tl and toxicity in preclinical models and
clinically. We believe this approach will lead to the identification of
key obstacles to clinical success, revive interest in the utility of radio-
theranostics applications, and guide development of the next genera-
tion of pretargeted theranostics.
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Monoclonal antibodies (mAbs) are attractive vehicles for deliv-
ering cytotoxic payloads to tumors using cell-surface targets as ZIP
codes. However, the complexity of the tumor microenvironment and
the pharmacokinetics of mAbs in vivo have created major hurdles in
radioimmunodiagnosis and radioimmunotherapy (/). Radioimmuno-
conjugates have been approved by the U.S. Food and Drug Adminis-
tration for clinical oncology use (4 imaging agents, beginning with
OncoScint [Cytogen Corp.] for imaging of tumor-associated glyco-
protein 72 [TAG-72] in 1992 and Zevalin [Acrotech Biopharma] and
Bexxar [GlaxoSmithKline] for therapy targeting CD20 in the early
2000s). However, clinical use (and hence, commercial success) has
been hampered by unanticipated physician preferences (2) and
numerous challenges universal to radiopharmaceutical therapies (3).
Despite the success in treating radiosensitive hematologic malig-
nancies, radioimmunotherapy in the treatment of solid tumors has
been clinically unsuccessful (/). Nevertheless, a recent revision of
the radiobiologic paradigms of targeted a-therapy has revealed a
highly complex response cascade comprising direct, bystander, and
systemic effects (4), proving remarkably effective against 3-refrac-
tive and bulky disease (5). Coupled with an enhanced development
and application of theranostics in nuclear medicine, this response
cascade has fueled development of a new generation of mAb thera-
nostics against solid-tumor antigens, particularly with a-emitting
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isotopes (e.g., City of Hope’s anti—carcinoembryonic antigen
[CEA] > Ac-DOTA-5MA NCT05204147; Bayer’s suite of 22’ Th-
IgG drugs targeting mesothelin, prostate-specific membrane anti-
gen, or human epidermal growth factor receptor 2 [HER2] antigens
NCTO03507452, NCT03724747, and NCT04147819; Janssen’s
225A¢-DOTA-h11B6 targeting human kallikrein 2 NCT04644770;
and Fusion’s 22°Ac-FPI-1434 targeting insulinlike growth factor
type 1 receptor). More details can be found in several excellent
reviews (6-9).

The field waits with great interest to see the outcome of these
radioimmunotherapy clinical trials of directly labeled mAbs. None-
theless, based on prior experience with other radioimmunothera-
peutics, there is concern that hematopoietic toxicity will prove to
be dose-limiting, a common hurdle for molecularly targeted radio-
pharmaceuticals (3,70). Fundamentally, the necessary therapeutic
indices (TIs, or tumor—to—normal-tissue absorbed dose ratios) for
meaningful radioimmunotherapy of solid-tumor masses were not
achieved, partly because of inadequate mAb uptake (subtherapeutic
radiation dose for solid tumors), dose-limiting toxicities (DLTs)
because of poor TIs (causing myelotoxicity and renal toxicity), and
antidrug antibodies (ADAs) (/). The radiopharmacology of radio-
immunoconjugates has so far permitted mostly suboptimal TIs,
especially for critical radiosensitive tissues such as bone marrow
and kidney. Current and future advances in protein engineering and
radioligand chemistry are necessary to overcome these barriers.

Pretargeted radioimmunodiagnosis (PRID) and pretargeted radio-
immunotherapy (PRIT) separate the tumor targeting and the radiocar-
rier (e.g., a radiohapten) delivery steps, vastly improving the contrast
and TIs while creating modular systems with individual optimization
case (Fig. 1). The tumor-targeting bispecific protein can be engi-
neered to improve tumor uptake and TI; a chase molecule or clearing
agent (CA) can be designed to sequester unbound proteins from
blood to liver for metabolism. After an optimal pretargeting interval
of hours or days, an intravenous payload with high affinity for the
second specificity in the protein seeks out the bispecific protein tar-
geted to the tumor or clears from the body in minutes to hours.

Current PRID and PRIT approaches harness advances in protein
engineering and bioorthogonal chemistry to overcome the limita-
tions of previous PRID and PRIT systems. However, PRID and
PRIT present additional complexity in terms of drug manufacture

(developing at least 2 products, and perhaps a CA) and dosing pro-
tocol optimization (both dose and pretargeting interval). Here, we
provide a historical perspective of PRID and PRIT and explore
potential ways by which PRID and PRIT can be further optimized
to deliver a high radiation dose to tumor while improving TIs sub-
stantially for critical radiosensitive tissues.

HISTORICAL PERSPECTIVE

Concept of PRID and PRIT

Building on initial investigations of in vivo tumor targeting with
radiolabeled polyclonal antibodies (/7,12) and fueled by the discov-
ery of mAbs by Kohler and Milstein (/3), radioimmunodiagnosis
using mAbs surged in the late 1970s, and radioimmunotherapy soon
followed (14, 15). However, despite the antigen specificity of mAbs,
most did not translate into high-contrast tumor imaging (/5). The
critical hurdle—that is, disappointingly low overall tumor uptake
and high normal-tissue background with radiolabeled IgG mAbs—
was realized early on, requiring **™T¢ blood-pool agents for com-
puter subtraction from '*'I-mAb images (/6).

In the mid 1980s, Goodwin et al. pioneered one of the first examples
of pretargeting of radioisotopes by engineering metal chelate—specific
mAbs (/7). This example was predicated on the physicochemical
properties of metal chelate complexes (often low-molecular-weight
and hydrophilic combined with net negative charge and high kinetic
stability under physiologic conditions) possessing extremely favorable
in vivo pharmacokinetics and biodistribution. The antichelate mAb
CHAZ2S5S5 passively entered tumors and, after a pretargeting interval of
24 h, was chased with a metal chelate hapten, indium (IIT)-4-[N'-
(2-hydroxyethyl)thioureido]-L-benzyl-ethylenediaminetetraacetic acid
(18). The concept of chelate chase—that is, using pharmacologic
doses of an empty nonradioactive chelate hapten to force rapid renal
excretion—significantly enhanced contrast, thereby reducing normal-
organ radiation exposure by as much as 95% (78,19). Soon after,
Stickney et al. conducted the first clinical trial of PRID in patients with
CEA-expressing colorectal cancer (CRC) using a bispecific antibody
(BsAb) anti-CEA/anti-metal chelate hapten system (20). Besides
establishing the feasibility of the approach in this study of 14 patients,
20 of 21 known lesions were detected, for an overall sensitivity of
95%; 8 of 9 new lesions were confirmed; and high contrast was
observed at as early as 4 h (Fig. 2A) (20).

A Surge in PRID—Especially Driven by

Biotin—-Streptavidin Approaches—and
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the Potential of PRIT

Although PRID with BsAb showed con-
siderable promise, issues related to TIs as a
consequence of insufficient affinity or avidity
for the hapten (e.g., low-nanomolar range)
prompted the development of alternatives.
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FIGURE 1. Comparison of conventional radioimmunotherapy and PRID/PRIT and compatible vector

survey. (A) Injection of radioimmunoconjugate (left) leads to low Tls, especially in hematopoietic and
highly perfused tissues. With 3-step BsAb pretargeting (middle), BsAb is administered, followed 1 d
later by CA to quickly reduce circulating BsAb. During final step, administered radiocarrier (e.g., radio-
hapten) is captured by intratumoral BsAb or rapidly cleared. A 2-step approach (right) is feasible with
SADA BsAb innovation. (Adapted from (753)). (B) Select bispecific antitumor/antiradiocarrier vectors.
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the biotin—streptavidin system was an attrac-
tive candidate for pretargeting.

One of the first pretargeting applications
of the biotin—streptavidin system was devised
by Hnatowich et al. in 1987, consisting of an
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anti-CEA, anti-TAG-72, and antitenascin
mAbs (29), demonstrated that favorable TIs
could be achieved. Mean absorbed doses (as
c¢Gy/37 MBq) to tumor, marrow, kidney, and
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tered °°Y-biotin doses ranging from 1.85
to 5.55 GBq; the treatment was well toler-

ated, and no acute toxicity was observed.

FIGURE 2.

antitumor mAb-streptavidin conjugate, a chase molecule, and radiola-
beled biotin (27). Afterward (1987-1988), multiple research groups
explored various biotin—streptavidin reagents, establishing the immu-
noreactivity and in vivo fate of biotinylated or mAb-streptavidin
pharmacokinetics, clearance of radiolabeled forms of biotin and strep-
tavidin, and safety in animals (22,23). Notably, Pimm et al. docu-
mented that radioiodinated avidin and streptavidin were cleared from
the circulation via the kidneys, but with prolonged renal retention
(22). In addition to issues of immunogenicity, this renal retention of
streptavidin (and hence low TI for the kidney) became problematic
and dose-limiting, prompting efforts at alleviation via chemical modi-
fication (e.g., with succinic anhydride or 1,2-cyclohexanedione) or
engineering of recombinant streptavidin (24,25). In 1990, Kalofonos
et al. reported the clinical feasibility of biotin—streptavidin PRID (26).
In 10 patients with squamous cell carcinoma of the lung, the investi-
gators infused antihuman milk fat globule antigen 1 mAb-streptavidin
for tumor targeting, followed 2-3 d later with !!!In-biotin (26). Posi-
tive imaging was observed in 8 of 10 lung tumors (Fig. 2B) (26).

In 1991, Paganelli et al. conducted their first biotin—streptavidin
PRID clinical study on 19 patients with a confirmed histologic
diagnosis of tumors using an optimized 3-step regimen consisting
of biotinylated anti-CEA mAb, an avidin chase, and '''In-biotin
(27). Tumors and metastases were detected in 18 of 19 patients
(the remaining patient was a true-negative) less than 3 h after
administration of '''In-biotin by vy-scintigraphy, with no evidence
of toxicity and with favorable contrast (27).

Although PRID showed promise, its development was soon
blunted by the advent of oncologic '*F-FDG PET/CT (28). Also, for
diagnosis, sufficient image contrast and a single-day imaging proce-
dure was achievable with rapidly clearing antibody-based probes.
Unlike radioimmunodiagnosis, for which high tumor—to—normal-
tissue contrast is necessary at only 1 specific time point, radioimmu-
notherapy requires high contrast at all time points in order to achieve
high TIs. PRIT soon became the major platform to further the sci-
ence and its clinical translation. The primary consideration for PRID
is its theranostic potential: directing the surgical procedure to sites
of the body with a high likelihood of finding antigen-bearing tumor,
and performing dosimetry using quantifiable radioisotopes, a critical
predictor of tumor response to PRIT. Tables 1 and 2 summarize the
clinical and preclinical PRIT studies, respectively, with an emphasis
on dosimetry and TIs described here.

Published in 1997, pilot clinical PRIT studies by Paganelli et al.,
using '''Tn/*°Y-biotin targeting against various tumor types with
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Initial PRID studies of tumors in patients. (A) BsAb pretargeting system. Planar poste-
rior pelvic scan (coronal view) of patient with recurrent CRC invading right sacral area was obtained
3 d after injection of '''In-hapten. a =tumor; b =kidneys; ¢ =spine; d = iliac crest. (Reprinted with
permission of (20).) (B) Biotin-streptavidin pretargeting system. Anterior chest and upper abdomen
image (coronal view) of patient with recurrent squamous cell carcinoma of right lung was obtained
2 h after injection of '"'In-biotin. a = tumor; b = kidneys; ¢ = bladder. (Reprinted from (26).)

However, ADA to streptavidin was ob-
served in all patients.

Over the next decade, Paganelli et al.
studied multiple biotin—streptavidin PRIT
dosing protocols and injection routes (revi-
ewed by Papi et al. (30)). Remarkably,
from 1994 to 2005, over 500 glioblastoma
patients were treated with biotin—streptavidin PRIT. For example,
during a phase I/II study (37), they treated 48 patients (possessing
histologically confirmed grade III and IV gliomas) using 5-step
intravenous antitenascin PRIT with !In/°Y-biotin (°°Y-biotin
dose range, 2.22-2.96 GBg/m®). The DLT was hematologic, and
the maximum tolerated dose (MTD) was 2.96 GBq/m?. They
reported tumor, brain, kidney, liver, and marrow mean absorbed
doses (as cGy/37 MBq) of 15.20 = 8.70, 0.6 = 0.3 (TL, 25.3),
2.7 £ 1.6 (T1, 5.63), 1.5 = 1.0 (TI, 10.1), and 0.8 = 0.5 (TI, 19.0),
respectively. ADA to streptavidin was observed in all patients.

These early clinical PRIT studies inspired many groups to
explore biotin—streptavidin PRIT in the mid to late 1990s (32,33).
Much effort was devoted to improving BsAb design and alternative
second specificities (besides biotin or metal chelator haptens),
including complementary oligomeric pretargeting systems (34—36).
Using morpholino complementary oligomers, Liu et al. and Hnato-
wich et al. have shown success for in vivo applications (reviewed
by Liu (37)), although they have not been investigated clinically.

NeoRx Corporation exploited mAb-streptavidin fusion proteins to
pretarget tumors before administration of radiobiotin. During the
early to mid 1990s, they developed a mAb-streptavidin chemical
conjugate (mAb NR-LU-10 specific for epithelial cell adhesion mol-
ecule) to target multiple solid-tumor types (38). In 2000, they showed
how a single treatment with pretargeted *°Y-biotin was curative in
nude mice bearing human tumor xenografts (CRC, lung, and breast)
without significant toxicity (39). Although TIs were not reported, an
approximately 20-fold improvement in the tumor-to-blood area under
the curve (AUC) ratio (calculated from 0 to 120 h after injection) for
PRIT versus conventional radioimmunotherapy was demonstrated
(tumor-to-blood AUC ratio: 28.3 and 1.22, respectively). At doses of
up to 29.6 MBq (MTD not reached) of pretargeted *°Y-biotin per
mouse, 28 of 30 cures were achieved with transient myelosuppres-
sion and no apparent sequelae. Moreover, kidney uptake and reten-
tion were relatively low, at approximately 2% of the injected dose
per gram from 2 to 120 h after injection. During a phase I dose esca-
lation study (40), the MTD was determined to be 4.07 GBg/m?, the
DLT at 5.18 GBg/m* was gastrointestinal toxicity, and the recom-
mended phase 2 dose was 4.44 GBg/m?. These findings were consid-
ered highly remarkable because DLT was not hematologic and *°Y
doses approximately 5 times higher than radioimmunotherapy could
be administered without marrow DLT or use of stem cell support
(41). Imaging and dosimetry studies (42) revealed tumor, small-intes-
tine, large-intestine, kidney, liver, and marrow mean absorbed doses
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TABLE 2
Select Preclinical PRIT and Targeted Radiotherapy Studies with Emphasis on Dosimetry

Tl
RIT/PRIT cGy/MBq cGy/37 MBq
Vehicle TRT type radiocarrier to tumor to tumor Blood Kidney Liver Reference
19G RIT 311_3F8 237.4 + 404 8,784 + 1,495 3 13 19 (517)
("®"I-naxitamab)
F(ab’)s RIT 311-F6 F(ab'), 184 6,800 5 10 17 (157)
Peptide PRRT 77Lu-DOTATATE 34 * 0.4 1,258 + 14.8 ND 3 46 (158)
(Lutathera*)
IgG-streptavidin PRIT 77y-biotin or Lz 62 7Lu: 2,294 Ly 9 w2 9 (103)
90y _biotin
90y: 134 90y 4,958 90y: 12 90y: 4 Oy: 8
scFv-streptavidin PRIT 90y _biotin 153.1 + 8.3 5,665 + 307 170 3 21 57)
Antitumor F(ab’), X PRIT 77Ly-IMP241 or 7Lu: 151 7Lu: 5,587 w45 "Lw:9 7Lu: 35 84
anti-HSG Fab 90y_IMP241
90y: 388 90y: 14,356 90y: 35 Py: 8 90y: 26
DNL PRIT 77Ly-IMP325 or 7TLu: 72.8 77Lu: 2,695 w169 Lu: 7 ND ©1)
0y-IMP325
90y: 135 90y: 5,011 90y: 158 DOy 7
IEDDA click PRIT T u-Tz 556 20,572 11 21 26 (140
DOTA-PRIT PRIT 77Lu-DOTA 85 3,145 142 23 40 (120)
Affibody-PNA PRIT 7Lu-HP2 108 3,996 269 5 81 (132)
SADA-PRIT PRIT "77Lu-DOTA 320 11,840 109 25 32 (127)

*Advanced Accelerator Applications.

TRT = targeted radiotherapy; RIT = radioimmunotherapy; ND = not determined; IEDDA = inverse electron-demand Diels-Alder.
All therapies were given intravenously to immunocompromised mice bearing subcutaneous human cancer xenografts.

(as ¢cGy/37 MBq) of 16.4 = 13.2,49.2 * 253 (TI, 0.33), 34.8 =
17.9 (TL, 0.47), 11.5 = 5.6 (T1, 1.43),3.0 = 1.8 (TL, 5.47), and 0.34 =
0.08 (TI, 48.2), respectively. High doses of *°Y-biotin in the gas-
trointestinal tract resulted from cross-reactivity of the mAb NR-LU-
10 with the bowel epithelium. Moreover, tumor response was seen in
the 2 patients with the highest estimated dose to tumor (4,000-6,000
cGy); grade 1V diarrhea was observed in patients estimated to have
received 6,850-14,000 cGy to the large-intestine wall; and delayed
renal toxicity was observed in patients estimated to have received
2,170 or 3,072 cGy. In the same year, Knox et al. reported disap-
pointing results from a phase II clinical study on 25 patients with
metastatic CRC after a single dose of mAb-streptavidin pretargeted
90Y biotin, 4.07 GBg/m* (mean administered dose, 3.941 = 0.381
GBq/mz) (43). The overall response rate was modest (8%), and both
hematologic and nonhematologic toxicities were observed (severe
diarrhea in 30% of patients and delayed renal toxicity in 2 patients).
NeoRx moved on to an alternative pan-carcinoma mAb/antigen sys-
tem, in which a mAb-streptavidin chemical conjugate (mAb CC49
specific for TAG-72) was used to deliver radiobiotin (44). Anti-TAG-
72 radioimmunotherapy was studied clinically in the mid 1990s; for
example, ''In/**Y-CC49 was evaluated in 12 patients with metastatic
gastrointestinal tract carcinomas (45). Preclinical pretargeting studies
on nude mice bearing human tumor xenografts were promising, as the
tumor-to-blood AUC ratios were 179, 170, and 371 for '“°Pm-, '*Ho-,
and ""Lu-biotin, respectively (no TIs were reported), and kidney
uptake was minimal, at approximately 1%—2% of the injected dose
per gram from 1 to 168 h after injection (44). In 2005, a phase I 3-step
PRIT trial was performed using a CC49-(single-chain variable frag-
ment [scFv]),—streptavidin fusion (46). A total of 9 advanced-CRC
patients received CC49-(scFv),—streptavidin, CA, and '''In/*"Y-biotin
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(*Y-biotin dose of 0.37 GBg/m?). ITmaging and dosimetry studies
revealed a patient-specific mean °°Y radiation dose (as cGy/37 MBq)
of 7.02 (range, 3.36-11.2) to kidneys, 3.75 (range, 0.63—6.89) to liver,
0.22 (range, 0.12-0.34) to marrow, and 28.9 (range, 4.18-121.6) to
tumors, corresponding to Tls of 4.12, 7.71, and 131 for kidney, liver,
and marrow, respectively (46). MTD, DLT, and recommended phase
2 dose were not defined; however, the low TI for kidney was projected
to be dose-limiting. Forster et al. demonstrated that succinylation of
the CC49-(scFv)—streptavidin construct could reduce kidney uptake
(47), but this was never tested clinically.

Additional solid-tumor mAb/antigen systems studied by NeoRx
for PRIT included Lewis Y antigen (with 2*Bi-biotin (48) or *°Y-bio-
tin (49)) and mesothelin (with !”’Lu-biotin or **Y-biotin (50)). Also,
using a novel antidisialoganglioside (GD2)-(scFv),—streptavidin
fusion protein, highly efficient GD2 targeting was demonstrated with
""p-biotin in nude mice bearing human tumor xenografts (51).
Tumor-absorbed radiation doses (as cGy/37 MBq) were 8,784 *
1,495 and 5,665 = 307 for conventional radioimmunotherapy and
PRIT with *°Y-biotin, respectively (57). For radioimmunotherapy,
TIs of 3, 13, and 19 were determined for blood, kidney, and liver,
respectively. In comparison, for PRIT with °°Y-biotin, TI was
improved for blood (TI, 170) but diminished for kidney (TI, 3) and
similar for liver (TL, 21). Although highly promising in terms of
reducing myelotoxicity, the poor TI for kidney limited its translational
potential.

NeoRx also developed reagents for PRIT of hematologic cancers.
In the mid 1990s, remarkably, anti-CD20 radioimmunotherapy was
shown to be curative in patients with relapsed B-cell lymphomas;
however, highly aggressive myeloablative treatments with bone
marrow rescue were needed (52). In 2002, the results from the anti-
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CD20 radioimmunotherapy phase 3 study of *°Y-ibritumomab were
reported, showing that treatment was well tolerated and superior to rit-
uximab in terms of overall response rate and complete response rate
(53). NeoRx collaborated with Press et al. at the Fred Hutchinson
Cancer Research Center and the University of Washington to develop
anti-CD20 biotin—streptavidin PRIT to improve the safety profile
of anti-CD20 radioimmunotherapy (54). They prepared an anti-
CD20-streptavidin chemical conjugate for PRIT with “°Y-biotin and
performed preclinical studies on nude mice bearing human Ramos
xenografts, making direct comparisons with radioimmunotherapy
(54). Although no TIs were reported, tumor-to-blood ratios at 24 h
were markedly improved with PRIT (3 and 0.4 for PRIT and radioim-
munotherapy, respectively). Notably, superior tumor uptake was also
shown with PRIT, establishing the potential advantage of PRIT par-
ticularly for noninternalizing antibodies. A lethal dose of 14.8 MBq
was reported for radioimmunotherapy, with all treated animals dying
of marrow suppression and infection on day 10. In contrast, 9 of 9
mice receiving pretargeted *°Y-biotin (29.6 MBq) achieved CRs by
day 12, leading to 8 of 9 cures (no recurrences during observation
period of >140 d) and minimal toxicity.

These highly promising preclinical PRIT studies led to a phase
I/II study on non-Hodgkin lymphoma patients (47). Seven patients
with relapsed or refractory non-Hodgkin lymphoma received
"n/20Y -biotin (°°Y-biotin dose of 1.11 or 1.85 GBg/m?). Tumor,
kidney, liver, and marrow mean absorbed doses (as cGy/37 MBq)
were 29 * 23,5.0 = 1.7 (T1, 5.8), 1.6 = 0.5 (TI, 18), and 0.16 =
0.1 (TI, 181), respectively; also, the estimate of tumor—to—whole-
body dose ratio (38:1) achieved with PRIT was higher than has
been achieved using conventional radioimmunotherapy. Further-
more, doses of °Y 3 times the MTD of radioimmunotherapy
could be given without significant myelosuppression. As a result,
6 of 7 achieved objective tumor regression, including 3 complete
response and 1 partial response (4/). Only grade I/Il nonhemato-
logic toxicity was observed, and grade III hematologic toxicity
was transient in 5 of 7 patients. Six of 10 patients developed mea-
surable ADA. MTD was not defined but was noted to be “likely
more than 1.85 GBg/m?” on the basis of dose-limiting hematologic
toxicity, and kidneys showed the highest uptake (5.0 = 1.7 cGy/
37 MBq vs. 1.3 ¢Gy/37 MBq for unbound radiobiotin (55)).

To generate well-defined and homogeneous fusion proteins and
greatly simplify manufacturing, the group developed a second-gen-
eration, genetically engineered anti-CD20-streptavidin fusion pro-
tein (as a (scFv)—streptavidin fusion, BOE9FP (56)), documented a
tumor-to-blood AUC ratio of more than 60 in nude mice bearing
Ramos xenografts, and performed a phase I pilot trial in B-cell
non-Hodgkin lymphoma (57). Fifteen non-Hodgkin lymphoma
patients received BOEOFP, CA, and '''In/°Y-biotin (°°Y-biotin
dose, 0.555 GBq/mz). Mean absorbed doses to tumor, kidney, liver,
and marrow (as cGy/37 MBq) were 26 = 4, 7.7 £ 1.7 (T, 3.4),
1.2 = 0.2 (TL 22), and 0.25 = 0.04 (TL, 104), respectively. MTD,
DLT, and recommended phase 2 dose were not defined. ADA was
substantial 3 patients, and 5 patients had transient low antibody
responses.

Additional hematologic tumor mAb/antigen systems studied by
NeoRx for PRIT included CD25 (with *°Y-biotin or 2'>Bi-biotin
(58)) and CD45 (with °°Y-biotin (59)). In a notable study, Pantelias
et al. (60) evaluated multiantigen PRID with mAb-streptavidin (anti-
CD20, anti-human leukocyte antigen DR, anti-CD22) and '!''In-
biotin. Interestingly, the most favorable tumor—to—normal-organ ratios
of absorbed radioactivity were obtained using single conjugates opti-
mized for target tumor antigen expression rather than the combination
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therapy (60). Of these additional PRIT systems, CD45 has been eval-
uated clinically.

Second-Generation BsAb PRIT with Multivalent Haptens

Alongside biotin—streptavidin PRIT development in the late 1980s,
groups were also looking to optimize contrast by improving hapten
selectivity for intratumoral BsAb over circulating BsAb. In 1989, Le
Doussal et al. (Immunotech) evaluated PRID with bivalent hapten
tracers to image CEA-expressing CRC (61). Coined “affinity enha-
ncement,” they showed greater affinity to cell-bound than to unbound
BsAb via cooperative cross-linking of intratumoral BsAb, resulting in
additional tumor-absorbed dose (67). Also, a chase or CA was not
required for high contrast, greatly simplifying the pretargeting regi-
men. Around the same time, Goodwin et al. reported a bivalent Janus
hapten for pretargeting with their antichelate mAbs (62).

Between 1993 and 1998, Immunotech performed clinical PRID
studies with an anti-CEA mAb/metal chelate—specific mAb BsAb.
The metal chelate-specific mAb was against indium-diethylenetriami-
nepentaacetic acid (indium-DTPA). With a bivalent !''In-diDPTA-
tyrosyl-lysine hapten for PRID, they demonstrated that high-contrast
images could be obtained in patients with CRC (63), medullary thyroid
cancer (MTC) (64,65), and small-cell lung cancer (66). Although the
images were impressive, the use of murine BsAb led to ADA in most
patients (e.g., ~60% (63)). Furthermore, for PRIT with '3!I, instead of
developing a new metal chelate—specific mAb, they used stable
indium-DTPA as an affinity handle to generate '*!I-labeled diDT-
PA(In)-tyrosyl-lysine radiohapten ('3'I-diDTPA(indium)-hapten) and
analogs for chelation of *™T¢ and '**Re (67-69). In nude mice bear-
ing human MTC xenografts, pretargeting of 92.5 MBq of *'I-diDT-
PA(indium)-hapten was demonstrated to be more efficient (leading to
significantly longer growth delays) and less toxic than radioimmuno-
therapy (70). Soon after, this approach was evaluated in patients.

Initially, 2 phase I/Il clinical trials assessing PRIT with '*'I-
diDTPA(indium)-hapten were performed on patients with either
MTC (71) or small-cell lung cancer (72). The BsAb was a F(ab)’ X
F(ab)’" chemical conjugate. Twenty-six MTC patients received 1-3
treatments at ''I-diDTPA(indium)-hapten doses ranging from 0.888
to 2.22 GBg/m? (71). Tumor, kidney, liver, and marrow mean ab-
sorbed doses (as ¢Gy/37 MBq) were 44.33 * 53.39, 5.61 = 2.02
(T1, 8.36 = 10.02), 5.19 = 2.23 (TL 10.86 * 13.55), and 1.60 *
0.82 (TL, 29.62 £ 35.32), respectively (71). Myelosuppression was
the crucial factor for DLT, and MTD (and recommended phase
2 dose) was 1.78 GBg/m* (7I). Among the 17 evaluable patients,
5 minor tumor responses were observed in patients with mainly a
small tumor burden (7/). ADA was observed in 9 of 17 (53%)
patients (71). During the second clinical trial, 14 patients with small-
cell lung cancer were treated with !*!-diDTPA(indium)-hapten
ranging from 1.48 to 6.66 GBq (72). Tumor, kidney, liver, and mar-
row absorbed doses (as cGy/37 MBq) were 1.8-32.2, 3.9-5.0,
1.6-5.0, and 0.4-1.7, respectively. MTD without hematologic rescue
was 5.55 GBq (72). Of the 12 patients, 2 partial response and 1 sta-
bilization of more than 24 mo was observed (72). Although no rec-
ommended phase 2 dose was specified, dose escalation was reported
to be continuing to reach 11.1 GBq (72). Among 5 evaluable pa-
tients for ADA, 1 patient showed significant ADA after 2 mo, which
persisted at 12 mo (72).

A subsequent clinical trial was performed to optimize reagent
dosing and timing of administration with humanized BsAb in 35
patients with CEA-expressing tumors (73). BsAb doses ranged
from 10 to 100 mg/m?, '*'I-diDTPA(indium)-hapten doses ranged
from 1.9 to 5.5 GBq, and a pretargeting interval of 5 or 7 d was
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studied (73). With optimized PRIT (e.g., with 40 mg/m* of BsAb
and a 5-d pretargeting interval), !'3'I-diDTPA(indium)-hapten
doses of up to 5.5 GBq were well tolerated in the absence of bone
marrow involvement (73).

In a follow-up trial on 22 patients with CEA-expressing tumors,
the humanized BsAb dose (40-75 mg/m*) and '*'I-diDTPA(in-
dium)-hapten dose (1.8-2.9 GBg/m?; 1.9-5.5 GBq) were varied to
evaluate antitumor efficacy and toxicity (74). Myelosuppression
was BsAb dose—dependent, with 75 mg/m? leading to high hema-
tologic toxicity, and nonhematologic toxicity was hepatic (tran-
sient grade I or II) (74). With a BsAb dose of 75 mg/m?, higher
whole-body and liver mean radiation doses were observed (0.38 and
1.9 Gy for whole body and liver, respectively) than for 40 mg/m>
(0.33 and 1.4 Gy for whole body and liver, respectively), and mean
tumor doses did not differ significantly with BsAb dose (75 mg/m?,
10.7 Gy [range, 1.7-53.5 Gy]; 40 mg/mz, 18.5 Gy [range, 2.4-49.3
Gy]) (74). Modest therapeutic efficacy was reported, with no CRs or
PRs (74). The MTD was determined to be 3 GBq of '*'I-diDTPA(in-
dium)-hapten in MTC patients and was not defined in non-MTC
patients (escalated beyond 5.5 GBq) (74). Human antimouse antibody
elevation was observed in 1 patient (8%), and human antihuman anti-
body was observed in 4 patients (33%) (74).

In 2006, Chatal et al. reviewed their clinical experience and com-
pared the survival of advanced-MTC patients who underwent PRIT
(311-diDTPA(indium)-hapten doses ranging from 1.9 to 5.5 GBq)
with that of contemporaneous untreated patients for whom data
were collected by the French Endocrine Tumor Group (75). Nota-
bly, they showed a survival benefit for those treated with PRIT,
underscoring its clinical promise (75).

Besides CEA-expressing tumors, a PRID approach to imaging
renal cell carcinoma was developed with bivalent haptens. Use of an
anti-renal cell carcinoma/anti-indium-DTPA hapten BsAb and a
refined tetrapeptide bivalent hapten, '!'In-diDTPA-Phe-Lys-Tyr-
Lys (*''In-diDTPA-FKYK), showed highly efficient tumor targeting
(76,77). During comparative studies with monovalent '''[n-DTPA
and !''In-diDTPA-FKYK, they achieved dramatic improvements in
tumor uptake with the bivalent hapten (in nude mice bearing human
renal cell carcinoma xenografts: ~78% vs. ~2% of the injected dose
per gram at 4 h after injection for the bivalent and monovalent hapt-
ens, respectively) without sacrificing promising tumor-to-blood ratios
(76). The "'In-diDTPA-FKYK was also prepared with p-amino
acids to make it more resistant to in vivo peptidases and improve the
residualization of 12°I during PRIT (78). Efficient targeting of CEA
was also demonstrated via this approach (with '''In, *™Tc, nonresi-
dualizing %1, or residualizing '2°T) (79); however, antichelate mAbs
were falling out of favor compared with alternative antihapten mAbs.

Third-Generation BsAb PRIT with Anti-Histidine-Succinyl-
Glycine (HSG) mAb and BsAb Prepared via Dock-and-
Lock (DNL)

The anti-!''In-DTPA hapten approach was limited by mAb
specificity and could not be used to target °°Y or 7’Lu (80). Although
additional antichelate mAbs were prepared (e.g., anti—copper-triethyle-
netetramine and anti—yttrium-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (yttrium-DOTA) (81)), alternative antihapten mAbs
were evaluated for PRIT, including anti-2,4-dinitrophenyl (6/) and
anti-HSG pseudopeptide (82). Also, around this time, novel BsAb
formats with divalent tumor-antigen binding (e.g., anti-CEA IgG
or anti-CEA F(ab’), chemically conjugated to anti-indium-DTPA
Fab’) were studied (83). Notably, pretargeting with anti-CEA IgG X
anti-indium-DTPA Fab' led to the most favorable tumor uptake and
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retention in the tumor, but use of a CA was necessary to achieve
acceptable tumor-to-blood ratios (83). Therefore, a F(ab'),—Fab’
BsAb (~80 kDa) was considered optimum in terms of balancing
tumor uptake and clearance without the need for a CA step (83).

In 2003, Sharkey et al. significantly advanced the HSG system
for PRIT by developing a novel BsAb (e.g., anti-CEA F(ab'), or
anticolon-specific antigen-p F(ab'), chemically conjugated to anti-
HSG Fab) and a suite of HSG peptides suitable for targeting a
variety of clinically relevant radionuclides (IMP241 for °°Y, !!!In,
and '"7Lu, and IMP245 for **™Tc and '**Re) (84). Dosimetry pro-
jections for pretargeting anticolon-specific antigen-p with °°Y- or
77Lu-IMP241 in nude mice bearing human xenografts were
5,587-14,356 cGy/37 MBq for tumor, with corresponding TIs of
3545, 8-9, and 26-35 for blood, kidney, and liver, respectively
(84). In 2005, they clearly demonstrated the advantage of this
pretargeting approach over a clinically used **™Tc-labeled CEA-
specific F(ab") for CRC imaging in mice bearing human xeno-
grafts (85). In 2006, an alternative peptide scaffold to IMP241
with less kidney retention was developed. IMP288 and PRID with
1241 was reported (86).

As was done for mAb-streptavidin fusions for biotin—streptavi-
din pretargeting, recombinant antitumor/antihapten BsAbs were
replacing chemical conjugates. In 2003, Rossi et al. described a tri-
valent BsAb (hBS14: bivalent CEA and monovalent HSG); how-
ever, the engineering approach using transgenic myeloma cells led
to low expression yield (87). Soon after, they described the DNL
approach to assemble a multivalent tri-Fab antitumor/anti-HSG
hapten BsAb with a molecular weight of approximately 157 kDa
by exploiting regulatory protein kinase A dimerization and dock-
ing domains, and the anchoring domain of an interactive A-kinase
anchoring protein, to form a stably tethered complex (Fig. 3A)
(88,89). Interestingly, the blood clearance of the DNL BsAb was
much faster than that of IgG (~150 kDa) since the BsAb lacks the
CH, domain to enable neonatal Fc receptor recycling. DNL BsAbs
have been generated against a variety of tumor antigens, including
CEA (TF2), CD20 (TF4), and trophoblast cell surface antigen 2
(TF12); detailed reviews have been published (28,90). Dosimetry
results for IMP325 (i.e., IMP288 saturated with nonradioactive
indium) pretargeted to CEA-expressing LS-174T human CRC sub-
cutaneous tumors were quite favorable; for example, for pretarget-
ing of 177Lu-IMP325, the authors reported TIs of 169 and 7 for
blood and kidney, respectively, with an estimated tumor-absorbed
dose of 2,695 ¢cGy/37 MBq (91).

In one notable DNL PRIT preclinical study, they prepared anti-
PAM4-antigen BsAb TF10 for targeting of °®Y-IMP288 (92). They
demonstrated in nude mice bearing established Capan-1 human
pancreatic cancer xenografts that PRIT could be safely combined
with gemcitabine and CRs could be achieved (92). Furthermore,
they showed that doses of up to 33.3 MBq of pretargeted *°Y-
IMP288 were well tolerated over 9 mo with no evidence of chronic
nephrotoxicity (MTD not reached), a marked improvement from
initial °°Y-IMP288 PRIT studies (93).

Initial clinical experience with the DNL BsAb platform included
a phase 0 clinical study of '*'I-TF2 in 2 patients with suspected
CRC:s to characterize the clearance kinetics of the BsAb, and a first-
in-patients PRID study with !''In-IMP288 in a metastatic CRC
patient (94). Although optimization of the TF2 dose was necessary,
highly promising dosimetry projections of PRIT with *°Y-IMP288
were reported (kidney, 1.4 ¢cGy/37 MBq; marrow, 0.1 cGy/37 MBq)
(94). Soon afterward, PRIT clinical trials with !'In/'""Lu-IMP288
commenced.
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Preclinically, PRIT development continued
(e.g., with 2! At-biotin-succinylated poly-L-
lysine (102), and comparative efficacy of
77Lu and Y for anti-CD20 PRIT of B-cell
lymphomas (/03)). However, a head-to-head
study comparing the efficacy and toxicity
of anti-CD20 biotin-streptavidin PRIT and a
novel BsAb PRIT platform with an ultra-
high-affinity anti-yttrium-DOTA scFv anti-
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PRIT in future clinical trials (104, 105).
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BsAb Pretargeting

The DNL system has been extensively stud-
ied both preclinically (primarily in the devel-
opment of additional haptens) and clinically,
with multiple trials featuring DNL anti-CEA
TF2 and radiolabeled IMP288. Two notable
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FIGURE 3. BsAb pretargeting with DNL BsAb or with SADA BsAb platform. (A) Structure of tri-Fab
TF4 made by DNL method and associated HSG hapten, IMP-288. DNL BsAb has single binding site
for hapten and 2 binding sites for tumor antigen. (Reprinted with permission of (154).) (B) Structure of
anti-GD2/anti-DOTA SADA BsAb and 22°Ac-DOTA-hapten (reprinted from (723)) and '7”Lu-aminoben-
zyl-DOTA (reprinted with permission of (727)). SADA BsAb has 4 binding sites for both DOTA hapten
and tumor antigen. hA20 = humanized anti-CD20 IgG hA20 (veltuzumab); VH = heavy chain variable
domain; VK = light chain variable domain; CH1 = heavy-chain constant domain 1; CK = light-chain
constant domain; DDD2 = dimerization and docking domain with SEQ ID NO: 2; AD2 = anchoring

domain with SEQ ID NO: 4.

SELECTED PRETARGETING ADVANCES OF THE
PAST DECADE

PRIT with Biotin-Streptavidin System

In 2013, Mawad et al. reported clinical PRIT with '"'In/*°Y-biotin
in high-risk acute myeloid leukemia/myelodysplastic syndrome patients
undergoing allogenic hematopoietic cell transplantation (95). Five
patients received a 0.7 mg/kg dose of anti-CD45 mAb-streptavidin fol-
lowed 48 h later by a 1.3 mg/m® dose of *Y-biotin (median, 2.775
GBq; range, 2.294-4.144 GBq) based on '!'In-biotin pretreatment
dosimetry (95). No participants were withdrawn from the study because
of toxicities; 2 grade 3 gastrointestinal adverse events (enterocolitis,
typhlitis) were identified as unexpected and considered possibly related
to PRIT, with the only grade 4 event being expected hematopoietic cell
transplantation—related cytopenia (95). A single patient was in complete
remission a year after protocol treatment, and the other 4 patients died
of progressive disease, with a median time to relapse of 28 d (range,
12-155 d) (95).

More recently, in 2015, a trial was initiated with anti-CD20
BOE9 with '''In/*°Y-biotin in patients with high-risk B-cell malig-
nancies to evaluate the safety of combining PRIT with carmustine,
etoposide, cytarabine, and melphalan chemotherapy and autolo-
gous stem cell transplantation (NCT02483000).

Paganelli et al. performed a locoregional PRIT clinical trial on
11 breast cancer patients (96). Avidin was injected around the tumor,
followed by intravenous administration of 111 MBq of *°Y-biotin.
Remarkably, ADA to avidin has been shown to not limit therapy (97).
De Santis et al. described AvidinOX (Alfasigma S.p.A.), an avidin
variant designed to prolong the tissue half-life (2 wk compared with
2 h for native avidin) and to demonstrate cellular and interstitial pro-
tein tropism for enhanced PRIT (98). In addition to showing therapeu-
tic promise in preclinical studies (95-101), AvidinOX PRIT has been
studied in clinical investigations (NCT02053324 and NCT03188328,
both of which were terminated because of low recruitment).
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hapten developments included a novel radio-
labeled/near-infrared multimodal DNL hap-
ten, RDCO018, for image-guided surgery of
various carcinomas (/06) and 2'*Bi-IMP288
for a-PRIT (107).

In 2013, a landmark phase I PRIT study
was reported with '''In/!7"Lu-IMP288 in 20
patients with CEA-expressing CRC (108).
The '7"Lu-IMP288 dose was designed to
deliver no more than 1.25 Gy to marrow or 15 Gy to kidneys
(3.7-7.4 GBq) based on pretreatment dosimetry with '''In-IMP288.
Absorbed doses were less than 1.85 ¢Gy/37 MBq for kidney, and
mean marrow dose ranged from 0.0296 to 0.222 ¢cGy/37 MBq based
on the dosing cohort (/09). Tumor doses were 0.46-4.52 Gy, and
red marrow doses ranged from 0.12 to 0.97 Gy (mean TI, 4.68)
(110). Furthermore, they projected an approximately 25% higher
marrow TI for treatment with *°Y-IMP288 instead of !7’Lu-IMP288
(mean TI simulated for *°Y-IMP288, 5.41). DLT was hematologic,
and no recommended phase 2 dose was indicated. Since TF2 is
humanized and lacked Fc, ADAs were unexpected but observed in
about 50% of the patients on repeated injection. However, a reduced
infusion rate and preadministration of prophylactics were effective
at reducing associated adverse events. A PRIT trial with *°Y-
IMP288 in metastatic CRC patients is ongoing (NCT02300922).

Soon after the phase I PRIT study in CRC patients, a phase I
PRIT study with 'In/"77Lu-IMP288 on 9 patients with CEA-
expressing small-cell lung cancer was reported in 2015 (117), and
first-in-humans PRID with TF2/°3Ga-IMP288 in MTC patients
was reported in 2016 (/72). In the last 2 y, additional clinical stud-
ies with TF2/°*Ga-IMP288 were performed on CRC (/13) and
HER2-negative/CEA-positive metastatic breast cancer patients
(114). In 2021, Bodet-Milin et al. reported clinical data using
TF2/%8Ga-IMP288 in MTC patients, demonstrating improved sen-
sitivity for metastatic lesion detection over '®F-L-dihydroxypheny-
lalanine PET/CT (/15). Select examples of recent clinical PRID
studies with TF2/IMP288 are shown in Figure 4.

Alongside the DNL BsAD pretargeting system, 2 additional BsAb
pretargeting approaches using ultra-high-affinity (picomolar to fem-
tomolar) antichelate mAbs have made significant progress in the
last decade. Orcutt et al. affinity-matured the anti-DOTA chelate
mAb 2D12.5 (62) and reformatted it as an scFv called C825 (116).
C825 was shown to bind DOTA complexes of lutetium, yttrium,
and gadolinium with similar affinity (low-picomolar range) (116).
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FIGURE 4. Select examples of recent clinical BsAb PRID with DNL TF2
and radiolabeled IMP288 (TF2/IMP288). (A) Scintigraphic images (axial
views) of CRC patient imaged with TF2/'"'In-IMP288, with highly specific
targeting of primary colon tumor, confirmed by CT and '8F_-FDG PET/CT
(B and C, respectively). (Reprinted from (708).) (D) PET image (coronal
view) of MTC patient imaged with TF2/°®Ga-IMP288, with maximum-
intensity-projection (MIP) image showing several pathologic lesions.
(Reprinted from (715).)

Also, Orcutt reported a highly modular tetravalent IgG-scFv BsAb
format (/17) and carefully screened candidate DOTA-radiohaptens
to determine which had the most favorable in vivo properties for
PRIT, reporting estimated human liver, kidney, and red marrow
doses for *°Y-labeled haptens of 0.130-0.192, 0.703-0.999, and
0.029-0.048 cGy/37 MBq respectively (/78). Also, in combination
with a dextran-hapten CA, highly efficient anti-CEA mAb/C825
pretargeting with 17’Lu- or !''In-haptens in nude mice bearing
LS174T human CRC xenografts was demonstrated (/79). These
studies led to the antichelate BsAb platform called DOTA-based
PRIT, or DOTA-PRIT. Between 2014 and 2018, Cheal et al. dem-
onstrated DOTA-PRIT with !”’Lu-DOTA-hapten targeting a wide
variety of solid tumors (antigen targets: GD2 (120), glycoprotein
A33 (121), HER2 (122)). More recently, that team developed a
225A¢-DOTA-hapten for o-PRIT (/23). When DOTA-PRIT was
used to pretarget !”’Lu-DOTA-hapten in nude mice bearing human
xenografts, TIs of 28—142 for blood, 7-23 for kidney, and 12-47 for
liver were achieved, with estimated tumor-absorbed doses ranging
from 1,476 to 8,473 cGy/37 MBq (120,122,124). Notably, the low-
est TIs (blood, 28; kidney, 7; and liver, 12) and estimated tumor
dose (1,476 cGy/37 MBq) were observed for the anti-HER2 DOTA-
PRIT system, which is known to internalize (/22). Green et al. also
used C825 BsAb for pretargeting *°Y-DOTA-hapten to a variety of
hematologic cancer targets (e.g., CD20 (/04), CD45 (125), and
CD38 (126)), reporting Tls of 6.75-21.4 for blood, 15.9-24.9 for
kidney, and 5.52—7.24 for liver, with estimated tumor-absorbed dose
ranging from 3,981 to 7,781 cGy/37 MBq.

Santich et al. reported a novel BsAb platform designed as a fusion
of a self-assembling-and-disassembling (SADA) domain to a tan-
dem single-chain BsAb for highly efficient 2-step radiohapten
pretargeting (Fig. 3B) (/27). With anti-GD2 SADA-PRIT plus
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"7Lu-DOTA-hapten in nude mice bearing human cancer xeno-
grafts, an exceptional balance of high tumor targeting and high TIs
was achieved: TIs were 100 for blood, 25 for kidney, and 32 for
liver, with estimated tumor-absorbed dose of 11,840 cGy/37 MBq.
Also, safe and tumoricidal anti-GD2 SADA-PRIT plus '""Lu-
DOTA-hapten or 2°Ac-DOTA-hapten was established (/27). Initial
clinical trials of anti-GD2 SADA-PRIT plus '"’Lu-DOTA-hapten
are planned for this year on patients with recurrent or refractory met-
astatic GD2-expressing solid tumors, including small-cell lung can-
cer, sarcoma, and malignant melanoma (NCT05130255).

In 2018-2019, the team of Hoffmann-La Roche, Inc., and Orano
Med LLC described a novel BsAb antitumor/antichelate hapten pre-
targeting system (antigen targets: CD20, HER2, and CEA) based on
an anti-1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclo-
dodecane (DOTAM) antibody with femtomolar affinity for lead-
DOTAM complexes (128). Specifically, for the anti-CEA/DOTAM
BsAb PRIT-0213, they reported dissociation constants of 0.84 pM
and 5.7 pM for lead-DOTAM and bismuth-DOTAM, respectively
(128). In nude mice bearing human cancer xenografts, they reported
dosimetry for 3-step pretargeting (i.e., with CA) of 0.74 MBq of
212ph_DOTAM. On the basis of relative biologic effectiveness equal
to 5, they estimated an absorbed dose of 99.55 Gy to BxPC3 tumor
and TIs of 28, 14, and 91 for blood, kidney, and liver, respectively
(128). Also, they highlighted preclinical anti-CEA PRIT therapy
results, detailing strong tumor growth inhibition and significantly
prolonged survival with 3 cycles of 1.11 MBq (129).

Harnessing Affibody (Affibody AB) Molecules as PRIT Vectors
Although IgG-based mAbs and BsAb have traditionally been
used as PRIT vectors, their prolonged circulation can make timing
of complete clearance difficult, leading to unintended bystander
toxicity. Advances in protein engineering have given rise to alterna-
tive protein constructs such as minibodies (80 kDa), diabodies
(50 kDa), and engineered scaffold proteins (4-20 kDa) (6). These
smaller constructs have proven to be especially favorable as radio-
nuclide imaging vectors (6). Affibody molecules are a highly prom-
ising class of engineered scaffold proteins that can be optimized to
have high affinity and slow internalization kinetics. The anti-HER2
Affibody radiolabeled with '!In (*!'In-ABY-025) has been investi-
gated clinically for imaging of disseminated HER2-expressing
breast cancer (/30). However, as vectors for radioimmunotherapy,
Affibody molecules have been shown to be suboptimal for residual-
izing radiometal labels, leading to significant renal uptake (/31).
Between 2016 and 2021, numerous studies describing Affibody
PRID and PRIT were reported (132,133). Figure 5 illustrates and
contrasts the pretargeting systems: first is an approach using
synthetic DNA-analog peptide nucleic acids (PNAs) originally
described by Hnatowich et al. in 1997 for PRID with **™Tc¢ (35),
and further work applying a bioorthogonal approach using click
chemistry (described in the following section). A PNA strand is
covalently conjugated to a targeting vector, in this case, an Affi-
body, and the radionuclide payload is delivered on a complemen-
tary PNA strand, injected after an optimized pretargeting interval
of 16 h (/32). The hybridization of complementary PNAs as a pre-
targeting technique supplies several advantages, including high
affinity (picomolar dissociation constant), low immunogenicity,
and resistance to in vivo degradation (/32). For the Affibody-PNA
approach, they reported for PRIT with '"7Lu-PNA (!”’Lu-HP2) in
nude mice bearing human cancer xenografts an estimated absorbed
dose of 3,996 cGy/37 MBq to tumor and TIs of 269, 5, and 81 for
blood, kidney, and liver, respectively (/32). These results were
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were achieved, with estimated tumor-absorbed
doses ranging from 9,472 to 30,821 cGy/37
MBq (/40,143). Moreover, PRIT with the
highly promising **Cu/*’Cu pair was recently
reported (/44), with the authors nicely demon-
strating efficient sequential radiolabeled tetra-
zine administration and safe and effective
theranostic treatment. For PRIT with ¢’Cu-tet-
razine, the authors reported TIs of 6.5-9.7 for
blood, 7.2-9.1 for kidney, and 4.0-4.2 for
liver, with estimated tumor-absorbed doses
ranging from 2,116 to 2,331 c¢Gy/37 MBq
depending on the pretargeting interval (/44).
Recent efforts at bioorthogonal pretargeting
development have focused on a combination

FIGURE 5. Affibody pretargeting with PNAs (A) or bioorthogonal inverse electron-demand Diels—

Alder click chemistry (B). (Portions reprinted from (733,755).)

achieved using a 2-step approach, that is, without using CA. PRIT
treatment efficacy was established using a fractionated PRIT
approach (total administered !”’Lu-HP2, 96 MBg/mouse) in nude
mice bearing subcutaneous SKOV-3 xenografts. Median survival
was significantly prolonged in PRIT-treated mice in comparison to
controls, and treatment was well tolerated, with no nephrotoxicity
(132). Interestingly, they reported less efficient Affibody-PRIT
using the bioorthogonal chemistry approach; although mouse
dosimetry was not reported, the tumor-to-kidney AUC ratio was
only 1.4 (133). However, this was a marked improvement from
conventional Affibody-radioimmunotherapy, which results in a
tumor-to-kidney AUC ratio of less than 1 and shows the promise
of PRIT to substantially reduce radiometal accumulation in the
kidneys with engineered scaffold proteins (/32).

Bioorthogonal Pretargeting

Meares’ elegant affinity capture pretargeting strategy, consisting
of an antibody/ligand pair with complementary reactive groups
that become covalently linked when they are near the antibody/
ligand complex, was applied to antichelate mAb-based reporter
gene imaging for noninvasive tracking of chimeric antigen recep-
tor T cells by Krebs et al. (/34). In contrast to affinity capture,
with the very rapid kinetics of the bioorthogonal inverse electron-
demand Diels-Alder click reaction (k, > 10> M~'s™!), probe
attachment can occur by direct reaction with a chemically modi-
fied antibody (/35,136). In 2010, initial in vivo PRID studies with
the inverse electron-demand Diels—Alder reaction were reported
(137). Soon after, many groups took an interest. Early develop-
ment efforts included novel tetrazine-based radioprecursors for
numerous radioisotopes, second-generation radiolabeled tetrazine
molecules with improved pharmacokinetic and biodistribution
properties, and incorporation of a chase step or CA (reviewed
recently by Rondon and Degoul (/38)).

Significant progress has also been made for PRIT using transcy-
clooctene-modified mAbs and radiolabeled tetrazine for inverse elec-
tron-demand Diels—Alder. In 2017, PRIT was demonstrated using
212pp-tetrazine in mice bearing TAG-72—expressing human CRC
xenografts (/39). Between 2017 and 2018, PRIT using '”’Lu-
tetrazine (140,141) and *2° Ac-tetrazine (142), respectively, was dem-
onstrated in multiple human tumor xenografts (CRC and pancreatic).
For PRIT with ""Lu-tetrazine in nude mice bearing human xenografts,
TIs of blood (10.4-17.7), kidney (12.0-19.9), and liver (19.0-40.1)
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of new chemistries (e.g., adamantane/cucurbi-
turil (/45)), new vectors (e.g., with nanopar-
ticles (/46); also, more details are provided
in a recent review (/47)), and continued
optimization of radiolabeled tetrazine (/48). Clinical bioorthogonal
pretargeting chemotherapy trials are ongoing (NCT04106492), and
bioorthogonal PRID trials are planned for the near future (/49).

A ROAD MAP FOR DEVELOPMENT: RADIOBIOLOGIC
GOALS OF PRIT

Our goal for PRIT should be to cure the tumor while safeguarding
against excessive toxicity to normal tissues. To achieve this, we
need better methods for dosimetry of internal radioemitters. We sug-
gest that Primer 2020, the Medical Internal Radiation Dosimetry
Committee publication soon to be released by the Society of Nuclear
Medicine and Molecular Imaging, has provided us with the compu-
tational basis for tumor and normal-tissue dosimetry measurement
to meet the goal of safe and efficacious targeted radiotherapy of
advanced human tumors. Supplemental Figure 1 and the other sup-
plemental information provide a more detailed rationale (supple-
mental materials are available at http://jnm.snmjournals.org).

As a starting point for radiation doses needed for curing while
avoiding catastrophic damage to normal tissue, we propose the fol-
lowing. In a prior publication, we suggested quantitative radiobio-
logic targets to be met to achieve a high probability of cure for
solid human tumors (/). The reasoning is that a sufficient radiation
dose (cGy) must be absorbed by all cells in the tumor while mini-
mizing the dose absorbed by normal tissues (i.e., the maximizing of
TI). A series of reasonable benchmarks for effective treatment can
be provided on the basis of laboratory and clinical experience, even
though the response to radioimmunotherapy varies depending on
several factors, including tumor size, target density, tumor structure
(e.g., liquid or solid, tumor microenvironment), the type of radia-
tion administered, the heterogeneity of targeting at the microscopic
level, and the ability to repair radiation damage.

A curative watershed for PRIT of solid tumors is the set of bench-
marks that achieves a cumulative total of 8,000-10,000 cGy of
absorbed radiation dose to individual tumor lesions while at the same
time minimizing the dose to radiosensitive tissues, such as bone mar-
row (<150 cGy; TI, 40-100), small intestine (<250 cGy; TI, 40-60),
and kidney (<1,500 cGy; TIL, 6-10) (/). Two critical parameters to
control for are tumor size and target density, because these directly
influence tumor dose and TIs. We have called this collective of PRIT
achievable properties the sweet spot. As shown in Tables 1 and 2, var-
ious forms of PRIT have the chance to achieve the sweet-spot high
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tumor radiation dose and high TIs. Real-life examples from living
systems support these ideas. These include the effectiveness of !3!I-
Nal, a medium-energy B-emitter in certain thyroid cancers (150), and
the cures achieved without histopathologic evidence of radiotoxicity
in animal tumor models of human xenografts.

CONCLUSIONS AND OUTLOOK

PRIT is a form of targeted radiotherapy with internally adminis-
tered radioemitters (radionuclide endotherapy, or unsealed radionu-
clides). As we have used the term here, an antitumor vector (e.g.,
Affibody, mAb, or nanoparticle) is the basis for tumor targeting and
is modified to achieve desired properties of radionuclide capture dur-
ing the targeting procedure. PRIT is a groundbreaking achievement
because its components can be delivered in a time sequence that
maximizes radiation to tumor while minimizing radiation to normal
tissues. In this review, we have illustrated the current status of PRIT,
with an emphasis on radiohapten capture (e.g., reversible binding
using antihapten BsAb or biotin—streptavidin binding), bioorthogonal
techniques (irreversible binding), and Affibody-PNA pretargeting
that have shown high TIs in animal tumor models of human xeno-
grafts. In all 3 approaches, modified antitumor proteins provide the
targeting specificity to tumor. As shown in Figure 1, other antitumor
vectors and radionuclide forms for complementary radioligand cap-
ture, are proliferating.

During PRIT, the targeting vector and the radiohapten/carrier
radiopharmacology are key parameters for high TI. Building on
advances in protein engineering and mAb humanization, previous
obstacles such as insufficient mAb/hapten affinity and immunoge-
nicity can be overcome. Furthermore, we can more precisely bal-
ance the attributes of affinity, molecular size, and physicochemical
properties of antibody-based carriers to improve tumor localization
and penetration while limiting retention in normal tissues via rapid
renal clearance. Also, with innovation in BsAb design, sufficient
contrast and TI can be achieved without the aid of chase or CA,
which would greatly simplify dosing to 2 steps and reagents.

Another exciting new frontier is high-linear-energy-transfer
radiation, in which fewer quantitative guideposts for PRIT exist.
There is an unmet need to define the dosimetry more completely,
with a-emitters such as 22°Ac showing great promise (1/57). Work
to estimate relative biologic effectiveness during PRIT with
a-emitting radioisotopes is beginning (152).

In summary, pretargeting in nuclear medicine has achieved many
milestones (Supplemental Table 1), including early-phase clinical
testing (Supplemental Table 2). Pioneering clinical PRIT studies
have demonstrated safety and that meaningful tumor doses can be
achieved in select patients, but dosing is typically limited by insuffi-
cient TI, ADA, and the complexity of the approach. Still, clinical
investigation of PRIT and radiotheranostics demonstrates increasing
value for patient selection and treatment planning, permitting opti-
mized reagent dosing during PRIT (Table 1). It is likely that individ-
ualized dosimetry will predict an optimized dose that will reduce the
risk of underdosing tumors (leading to treatment failure) and over-
dosing normal tissues (leading to radiation toxicity).
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Radiolabeled antibodies have become indispensable tools in nuclear
medicine. However, the natural roles of antibodies within the immune
system mean that they have several intrinsic limitations as a platform
for radiopharmaceuticals. In recent years, the field has increasingly
turned to antibody engineering to circumvent these issues while retain-
ing the manifold benefits of the immunoglobulin framework. In this
“Focus on Molecular Imaging” review, we cover recent advances in the
application of antibody engineering to immunoPET, immunoSPECT,
and radioimmunotherapy. Specifically, we address how antibody engi-
neering has been used to improve radioimmunoconjugates on four
fronts: optimizing pharmacokinetics, facilitating site-specific bioconju-
gation, modulating Fc interactions, and creating bispecific constructs.
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Since the pioneering work of Pressman and Korngold over half
a century ago, the field of nuclear medicine has been captivated by
the promise of monoclonal antibodies (mAbs) as tools for the
delivery of radionuclides to tumors (/,2). Decades of advance-
ments in this area have culminated in an array of promising clinical
results in radioimmunotherapy with '3!I-, 22°Ac-, and "’Lu-labeled
radioimmunoconjugates as well as immunoPET with an ever-
expanding array of 8°Zr-labeled mAbs (Fig. 1). Yet even a cursory
look at the immunoPET, immunoSPECT, and radioimmunotherapy
literature reveals a common thread: the development of effective
radioimmunoconjugates often requires addressing the intrinsic limi-
tations of antibodies themselves (3). Nature, after all, did not design
immunoglobulins as simple vehicles for the delivery of cargoes to
target cells. Rather, antibodies evolved as multifunctional compo-
nents of complex immune systems. Turning to nature for a radio-
pharmaceutical vector is thus a double-edged sword. On the one
hand, radiolabeled antibodies offer exquisite specificity and affinity
for cancer antigens, tremendous in vivo stability, and high levels of
tumoral accretion. On the other hand, they are difficult to synthesize
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in a well-defined and homogeneous manner, can have problemati-
cally long biological residence times, and can produce elevated
uptake in healthy tissues.

The innate advantages of antibodies as radiopharmaceutical vec-
tors have fueled a great deal of research dedicated to circumventing
their limitations and optimizing their performance as diagnostics,
theranostics, and therapeutics. This work has generally followed three
different veins. In one approach—in vivo pretargeting—the antibody
is decoupled from the radioactivity, the former is injected days
before the latter, and the two components combine at the target site
via a highly selective ligation (4). This strategy alleviates the dosi-
metric challenges associated with traditional radioimmunoconjugates
but inevitably introduces significant scientific and logistical complex-
ity. Others have sought to create radiopharmaceuticals based on anti-
body mimetics, synthetic biomolecules such as Affibody molecules
and designed ankyrin repeat proteins that are inspired by the structure
and function of immunoglobulins (3,6). These constructs frequently
offer improved pharmacokinetic profiles compared to radiolabeled
antibodies but lose other benefits associated with IgG-based scaf-
folds, including bivalency, high tumoral uptake, and in vivo stability.

In this installment of the “Focus on Molecular Imaging” series,
we will discuss the third approach: antibody engineering. In the
broadest sense, antibody engineering is predicated on using molecu-
lar biology to make modifications—large or small—to the immuno-
globulin framework to improve the performance of antibodies or
immunoconjugates. The best-known medical application of antibody
engineering is easily the humanization of antibodies, and the wide
array of methods used for antibody engineering have been skillfully
reviewed elsewhere (7,8). In the specific context of nuclear medicine,
antibody engineering offers an opportunity to optimize the perfor-
mance of radioimmunoconjugates without the inherent complexity of
pretargeting or the attendant sacrifices of antibody mimetics. These
efforts generally seek to achieve one of four objectives: shortening
the pharmacokinetic profile of full-length antibodies, facilitating site-
specific bioconjugation, modulating Fc interactions, or creating con-
structs capable of binding multiple targets.

OPTIMIZING PHARMACOKINETICS

The neonatal Fc receptor (FcRn)-mediated recycling and size of
full-length IgG gives traditional radioimmunoconjugates elon-
gated, multiday serum half-lives. This pharmacokinetic behavior
often manifests in high uptake in tumor lesions. However, it can
also produce elevated activity concentrations in the blood and
other healthy tissues, a phenomenon that can lower image contrast
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FIGURE 1.
radioimmunotherapy.

and reduce therapeutic indices (3). Antibody fragments offer an alter-
native platform with more rapid pharmacokinetic profiles, as they
retain the binding properties of full-length mAbs but come in a smaller
package. A variety of fragments have been harnessed for nuclear
imaging and therapy, including F(ab'), fragments (~110 kDa),
(scFv),-Fc fragments (~100 kDa), minibodies (~75 kDa), diabodies
(~60 kDa), F(ab) fragments (~50 kDa), single-chain variable

Anatomy of IgG; antibody (A) and radionuclides discussed in this review (B). RIT =

and some fragments accumulate at very high
levels in the kidneys during renal elimination.

Several promising preclinical imaging
and therapy studies featuring antibody frag-
ments have emerged in the last half-decade. In 2018, for example,
Seo et al. reported the use of a ®*Cu-labeled anti-CDS8 cys-dia-
body—dubbed 169¢cDb—to image CD8-positive T-cell density in
FVB, BALB/c, and C57BL/6 mice (9). The tracer proved capable
of delineating and quantifying CD8-positive T-cell populations in
lymphoid organs, suggesting that a similar approach to imaging
could be used in the clinic to quantify T-cell density and monitor
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(A) Commonly used antibody fragments. (B) Uptake of cys-diabody —['®F]FB-GAcDb—in liver metastases in a transgenic murine model of

B-cell lymphoma. (Reprinted with permission of (70).) (C) Normalized tumor volumes observed after the treatment of mice bearing HER2-positive breast
cancer xenografts with iso-['*'[[SGMIB-VHH_1028. (Reprinted from (72).) (D) Whole-body PET images of a patient injected with TAG-72-targeted pegy-
lated diabody, ['2*1]l-PEG-AVP0458. (Reprinted from (17).) %ID/g = percent injected dose per gram.
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the response of patients to immunotherapy. A year later, a team at
UCLA described the development of a CD20-targeting cys-diabody
for the same-day immunoPET of B-cell lymphoma. The authors
used transgenic mice that expressed human CD20 on mature B
cells to demonstrate the ability of an '®F-labeled diabody, ['*F]FB-
GAcDb, to detect both endogenous compartments expressing
human CD20 and B-cell lymphoma liver metastases (Fig. 2B) (0).
Shifting to radioimmunotherapy, Pruszynski et al. evaluated the
biodistribution of a 22°Ac-labeled human epidermal growth factor
receptor 2 (HER2)-targeting sdAb in murine models of HER2-
positive ovarian cancer and HER2-negative triple-negative breast
cancer. The radioimmunoconjugate produced 15-fold higher uptake
in HER2-positive than in HER2-negative tumors at 48 h after injection,
as well as producing promising HER2-positive tumor—to—healthy-tissue
activity concentration ratios at the same time point (>100 for
blood; >40 for muscle; >8 for bone), suggesting that sdAbs
may be suitable vectors for targeted radionuclide therapy with
a-emitting isotopes (/7). In a separate study, Feng ef al. used a
HER2-targted sdAb bearing a residualizing '3!I-labeled prosthetic
group for radioimmunotherapy in murine models of HER2-positive
breast and ovarian cancer. In mice bearing BT474 xenografts, the
radioimmunoconjugate—iso-['*'T]SGMIB-VHH_1028—yielded a
tumor-to-kidney therapeutic index of more than 8.5 and produced
nearly complete tumor growth inhibition after doses of 18 and
30 MBq (Fig. 2C) (12). The same team recently reported prelimi-
nary data demonstrating the efficacy of HER2-targeted radioimmu-
notherapy with a sdAb bearing a similar residualizing prosthetic
group labeled with the a-emitting radiohalogen 2!At (13).

Even more exciting than these preclinical results are a handful of
recent clinical trials. In 2016, Pandit-Taskar et al. reported the first-
in-human application of [3°Zr]Zr-IAB2M—a®°Zr-labeled minibody
engineered from the prostate-specific membrane antigen (PSMA)-
targeting mAb J591—for the imaging of patients with metastatic
prostate cancer (/4). This initial study verified that the radioimmu-
noconjugate was safe, exhibited a favorable pharmacokinetic pro-
file, and provided good lesion visualization 48h after injection.
Subsequent trials have explored the utility of [3°Zr]Zr-IAB2M in
PSMA-positive localized prostate cancer and have revealed that the
radioimmunoconjugate exhibits performance comparable to that of
[®3Ga]Ga-PSMA-11 (15). Yet another minibody-based probe—the
CD8-targeting [3°Zr]Zr-IAB22M2C—was recently translated to the
clinic for the imaging of CD8-positive T-cells. A first-in-human
study in 2020 demonstrated that [3°Zr]Zr-IAB22M2C was safe,
well tolerated, and successfully targeted CD8-positive T-cell-rich
regions such as the lymph nodes and the spleen (/6). Finally, in
2020, Scott et al. reported on the use of a '>*I-labeled diabody that
had been pegylated to reduce first-pass renal clearance and thus
increase circulation time (['2*IJI-PEG-AVP0458) for PET in patients
with ovarian cancer, metastatic prostate cancer, or primary prostate
cancer (/7). Whole-body PET scans acquired as early as 1 d after
injection clearly demonstrate the promise of the radiotracer as a tool
for delineating TAG-72—expressing cancers (Fig. 2D).

SITE-SPECIFIC BIOCONJUGATION

An abiding paradox in the study and use of radioimmunoconju-
gates is that these tools that are supposed to enable precision medi-
cine are themselves synthesized in a surprisingly imprecise way. The
overwhelming majority of radioimmunoconjugates are created via
the stochastic ligation of amine-reactive prosthetic groups—most
often chelators but occasionally radiohalogenated moieties—to
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lysines within the mAb. This approach, though facile, produces het-
erogeneous constructs and can interfere with the ability of the mAb
to bind its antigen. A wide range of site-specific and site-selective
approaches to bioconjugation have been developed to circumvent
these issues, and the data consistently show that site-specifically
modified radioimmunoconjugates exhibit better in vivo performance
than randomly synthesized analogs (/8). Precision is especially criti-
cal in the synthesis of fragment-based radioimmunoconjugates, as
their smaller size increases the odds that cargoes will inadvertently
be attached within their antigen-binding domains. The most fre-
quently used approach to site-specific bioconjugation relies on liga-
tions between thiol-reactive probes (e.g., maleimides) and cysteines
generated via the reduction of the antibody’s interchain disulfide
linkages. This strategy is an improvement over traditional methods,
but the maleimide—thiol reaction is reversible under physiologic con-
ditions, and the formation of 4-8 free cysteine residues in full-length
IgG (depending on the reduction conditions) means that some hetero-
geneity remains inevitable. Not surprisingly, the field has increas-
ingly turned to antibody engineering for more robust and reliable
approaches to site-specific bioconjugation.

The incorporation of amino acids—either natural or unnatural—at
unique sites within the antibody for bioconjugation has proven a prom-
ising strategy, particularly in the context of fragment-based probes.
For example, Chigoho et al. used an hPD-L1-targeting sdAb with a
C-terminal cysteine residue and a maleimide-bearing variant of NOTA
to create [*®Ga]Ga-NOTA-mal-hPD-L1, a radiotracer that displayed
promising in vivo performance (/9). Sharma et al. followed a slightly
different approach to create a [3°Zr]Zr-desferrioxamine (DFO)-labeled
probe for the visualization of delta-like ligand 3 expression. In this
case, the authors did not incorporate new cysteines into the mAb.
Rather, the heavy-chain cysteines within the upper hinge region that
would normally form disulfide linkages were mutated to serine resi-
dues, leaving a pair of free cysteines on the light chains that the team
specifically modified with phenyloxadiazolyl methylsulfone-bearing
chelators (Fig. 3A) (20). Genetic code expansion to incorporate unnat-
ural amino acids with orthogonally reactive moieties offers a more
sophisticated variation on this theme with unrivaled site specificity. In
2020, Ahn et al. leveraged this technology to create a variant of trastu-
zumab containing a quartet of p-azido-methyl-phenylalanine residues
in the Fc region. The authors used the strain-promoted azide-alkyne
cycloaddition reaction to couple dibenzocyclooctyne-bearing variants
of DFO and DO3A to the mAb and subsequently labeled the site-
specifically modified immunoconjugates with ¥Zr and '!!In, respec-
tively (Fig. 3B) (21).

Antibody engineering has also been used to build peptide recogni-
tion sites into immunoglobulins for chemoenzymatic modifications.
In 2021, for example, Rudd ez al. used the transpeptidase sortase A to
catalyze the attachment of glycine-bearing chelators to an epidermal
growth factor receptor—targeting Fab bearing a C-terminal LPETG
recognition sequence, ultimately creating both **Cu- and %°Zr-labeled
radioimmunoconjugates that displayed excellent in vivo performance
in a murine model of epidermal growth factor receptor—positive epi-
dermoid carcinoma (Figs. 3C and 3D) (22). Bridoux ef al. used a sim-
ilar approach to append a variant of NOTA with a GGGYK tag to an
hPD-L1-targeting sdAb bearing a C-terminal LPETG recognition ele-
ment. Critically, the authors demonstrated that the site-specifically
modified radioimmunoconjugate—[*®Ga]Ga-NOTA-(hPD-L1)—out-
performed a randomly labeled analog in vivo (23). The Fc region of
full-length IgG has also attracted interest for engineering-driven
bioconjugation. To wit, Jeger et al. developed a variant of the
L1CAM-targeted mAb chCE7 with a N297Q mutation that
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FIGURE 3. (A-C) Schematics illustrating the creation of free cysteine residues via a pair of C220S
mutations (A), the site-specific modification of unnatural pAMF via strain-promoted azide-alkyne
cycloaddition reaction (B), and the sortase-mediated bioconjugation of glycine-bearing chelator to
Fab fragment bearing C-terminal LPETG tag (C). (D) Serial PET images of mice bearing A431 xeno-
grafts obtained after the administration of an EGFR-targeting Fab that has been site-specifically

with enhanced FcyRIIIA binding exhibited
reduced tumoral uptake and enhanced accre-
tion in the liver and lymphoid tissues com-
pared with the parent radioimmunoconjugate.
In contrast, an aglycosylated variant with
abrogated Fcy receptor binding yielded
dramatically reduced accretion in the
bone and lymph nodes compared to parent
[3°Zr]Zr-DFO-HuE71. Finally, Bensch et al.
recently reported a clinical trial focused on
immunoPET with [*°Zr]Zr-lumretuzumab,
a HER3-targeting mAb glycoengineered to
exhibit enhanced FcyRIIIA engagement
and thus antibody-dependent cellular cyto-
toxicity (29).

The differing Fc interactions of the four
subclasses of 1gG—IgG, 1gG,, 1gGs, and
IgG,—have also been leveraged to create
better radioimmunoconjugates (Fig. 4C).
In 2020, Bicak et al. created an 1gG;-based
radioimmunoconjugate of the hexokinase

labeled with 84Cu. (Reprinted with permission of (22).)

eliminated glycosylation and allowed for the transglutaminase-medi-
ated attachment of DFO at the Q297 and Q295 sites of each heavy
chain (24). The resulting radioimmunoconjugate—[®’Ga]Ga-DFO,-
chCE7agl—displayed markedly better in vivo behavior than an analo-
gous randomly conjugated variant.

MODULATING FC INTERACTIONS

The interactions between the Fc domains of immunoglobulins
and Fc receptors are instrumental in determining the in vivo
behavior of mAbs. Although FcRn is responsible for the recycling
of immunoglobulins, a variety of Fcy receptors—including recep-
tors I, II, IIIA, and IIIB—mediate the interplay between antibod-
ies, immunocomplexes, and the immune system. In light of this, it
is not surprising that the field has turned to the engineering of the
Fc region as a route to improved radioimmunoconjugates.

Several laboratories have sought to improve the behavior of
mAb-based radioimmunoconjugates by attenuating or enhancing Fc
receptor binding. Nazarova et al. explored immunoSPECT imaging
using a HER2-targeting !!!'In-labeled mAb bearing a pair of histi-
dine mutations—H310A and H435Q—that abrogated FcRn binding
(25). The double mutant displayed a more rapid pharmacokinetic
profile and greater tumor-to-blood activity concentration ratios than
its wild-type parent but at the cost of reduced tumoral uptake and
lower tumor-to-spleen and tumor-to-liver contrast (Fig. 4A). Burve-
nich et al. made similar observations with '''In- and '7’Lu-labeled
anti-Lewis-Y mAbs with two mutations (I253A and H310A) that
reduce FcRn binding (26). The critical role of the heavy-chain gly-
cans in modulating the Fcy receptor engagement of mAb has led
others to pursue glycoengineered radioimmunoconjugates. In 2019,
Vivier et al. demonstrated that the enzymatic deglycosylation of
[3°Zr]Zr-DFO-trastuzumab attenuates FcyRI binding and reduces
uptake in healthy tissues in tumor-bearing NSG and huNSG mice
compared with a fully glycosylated analog (27). More recently,
Sharma et al. demonstrated the power of this approach using two
glycoengineered variants of the L1 CAM-targeting radioimmunocon-
jugate [*Zr]Zr-DFO-HuE71 (Fig. 4B) (28). An afucosylated variant
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2-targeting mAb hullB6 for the 2?°Ac-
radioimmunotherapy of prostate cancer
(30). The investigators hypothesized that
the enhanced complement activation and Fcy receptor engagement
of the 1gGj scaffold would lead to “immunotherapeutically enhanced”
radioimmunotherapy, but in practice neither [*°Ac]Ac-hul 1B6-IgG;
nor an analog bearing a R435H mutation to rescue FcRn binding pro-
duced improved therapeutic efficacy over [*°Ac]Ac-hul 1B6-IgG;. In
the study from Sharma er al. mentioned above, the authors also
explored 3Zr-immunoPET with two L1CAM-targeting 1gG,-based
radioimmunoconjugates, as this subclass has attracted attention in
the immunotherapeutics community because it elicits reduced
effector functions relative to other subclasses (Fig. 4D) (28).
Although a radioimmunoconjugate based on the wild-type IgGy
framework produced high levels of nonspecific uptake in the kidneys,
this behavior was eliminated in a variant with S228P mutations in the
hinge region that facilitated the formation of IgG-like interchain
disulfides and thus mitigated in vivo Fab arm exchange. Finally, Man
et al. moved beyond the IgG isotype, using immunoSPECT to study
the in vivo behavior of an IgE-based anti-CSPG4 antibody designed
to elicit a more potent immune response (3/). In the absence of
FcRn-mediated recycling, the ['!'In]In-IgE was cleared from the
blood of tumor-bearing mice much more rapidly than its ['!'In]In-
IgG counterpart. Furthermore, the [!!'In]In-IgE produced low activity
concentrations in tumor tissue alongside high accretion in the liver,
but its very low uptake in the blood yielded tumor-to-blood activity
concentration ratios comparable to the analogous IgG.
Radioimmunoconjugates based on fusion proteins that combine
antigen-binding fragments and Fc domains lie at the intersection
of two threads of our discussion. These single-chain constructs
offer many characteristics of full-length mAbs—that is, large size,
multivalency, and control over FcRn engagement—in a package
that is easier to produce given that there is no need for the coex-
pression of both heavy and light chains. In 2014, Rochefort ez al.
developed an effective CA19-9—targeting **I-labeled (scFv),-Fc
that included an H310A mutation that abrogated FcRn binding
(32). More recently, Delage ef al. described a '7’Lu-labeled anti-
TEM-1 (scFv),-Fc that produced moderate uptake in TEM-1-
positive xenografts, but the authors made no mention of Fc
engagement or mutations (33).
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FIGURE 4. (A) SPECT images (top) and biodistribution data (bottom) collected 28 and 48 h after the administration of a HER2-targeting radioimmuno-

conjugate (['"'In]in-7C2) or a mutant with abrogated FcRn binding ("' In]in-7C2-HAHQ) to mice bearing KPL-4 xenografts. (Reprinted with permission
of (25).) (B) Serial PET images obtained using wild-type, afucosylated, and aglycosylated [*°Zr]Zr-IgG+ in mice bearing L1CAM-expressing SKOV3 xeno-
grafts. (Reprinted with permission of (28).) (C) Four subclasses of IgG. (D) Serial PET images obtained using wild-type 1gG4-based [8%Zr)Zr-mAb ([8°Zr]Zr-

HUE71-1gG,) and an analog mutated to have IgG-like interchain disulfide linkages ([2°Zr]Zr-HUE71-1gGay). (Reprinted from (28).)

BINDING MULTIPLE TARGETS

Antibody engineering has also been harnessed to create radio-
immunoconjugates based on bispecific antibodies (BsAbs), immu-
noglobulins designed to target more than one antigen. BsAbs offer
several advantages over their monospecific cousins, as the ability
to bind a second antigen can be harnessed to elicit synergistic anti-
tumor effects, circumvent drug resistance, recruit immune cells, or
block protumor signaling pathways. Generally speaking, full-
length BsAbs consist of a heavy-chain/light-chain pair from one
mAb and a second from another mAb (Fig. SA). However, a wide
variety of bi- and trispecific constructs have been developed using
fragment-based frameworks.

BsAbs, like mAbs, have increasingly been used as companion
imaging agents for therapeutic counterparts. Along these lines, a
clinical trial focused on immunoPET with a 3°Zr-labeled T-cell-
engaging BsAb capable of binding CD3 and carcinoembryonic
antigen in patients with gastrointestinal adenocarcinoma (34). The
CD3/carcinoembryonic antigen—targeting BsAb accumulated in
both lymphoid organs and tumor lesions, thus providing data on
the heterogeneity of antigen expression that could aid in the selec-
tion of patients likely to respond to therapy and in planning per-
sonalized drug dosing schedules. In 2019, Crawford et al
evaluated the in vivo behavior of another T-cell-engaging BsAb
that targets CD3 and mucin 16 in a murine model of ovarian can-
cer and found the highest activity concentrations in the tumor
tissue and lymphoid organs (35). A blocking study elegantly
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illustrated the role of the probe’s dual specificity in this behavior:
blocking with a CD3-specific mAb selectively reduced uptake in
the lymphoid tissues, whereas blocking with a mucin 16-specific
mAb did the same for the tumor (Fig. 5B).

The field has also turned to BsAbs to create radioimmunoconju-
gates capable of crossing the blood-brain barrier. The size and
polarity of mAbs generally precludes their transport across the
blood-brain barrier, thus curtailing the use of radiolabeled anti-
bodies for neuroimaging and therapy. However, the incorporation
of a transferrin-binding Fab fragment in a BsAb has been shown
to facilitate the transferrin receptor-mediated transcytosis of the
bispecific construct across the blood-brain barrier. In 2017,
Syvinen et al. used this technique to create a '?*I-labeled tribody
for the visualization of amyloid-3 protofibrils—protein aggregates
implicated in Alzheimer disease—in the brain (36).

A third application of BsAbs in nuclear medicine lies in pretar-
geted imaging and therapy (4,37). In this context, the BsAb is
designed to bind both a cancer antigen and an exogeneous radiola-
beled hapten. The unlabeled BsAb is administered first and
allowed to accumulate at the tumor and clear from the blood.
Once the BsAb has reached this optimal biodistribution, the radio-
labeled hapten is administered, and the high affinity and selectivity
of the BsAD for the hapten facilitates the in vivo ligation between
the two components. This strategy enables the use of short-lived
radionuclides that are not normally compatible with mAb-based
vectors and reduces radiation dose rates to healthy tissues. Two
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FIGURE 5. (A) Examples of BsAb. (B) ImmunoPET images obtained from mice bearing HuT tumors 6 d after the administration of bispecific [°Zr]Zr-
REGN4018 (left), [*°Zr]Zr-REGN4018 plus unlabeled mucin 16-binding mAb (middle), and [2°ZrjZr-REGN4018 plus unlabeled CD3-binding mAb (right).
Spleen is indicated by yellow arrow; lymph nodes by green arrow; and tumor by red arrow. (Reprinted with permission of (35).) (C) Pretargeted
immunoPET with TF2 and [*®Ga]Ga-IMP288 in a patient with HER2-negative breast cancer produces high uptake in liver lesion (arrow, top) which was

not seen by ["®FJFDG PET (bottom). (Reprinted from (39).)

recent clinical studies have explored the use of pretargeted PET
with a carcinoembryonic antigen—targeted BsAb (TF2) and a
%8Ga-labeled peptidic hapten ([°®Ga]Ga-IMP288) in patients with
breast cancer and colon cancer and have found that this approach
not only was safe but also provided better sensitivity and specific-
ity than ['"®F]FDG (Fig. 5C) (38,39). Importantly, a second app-
roach to in vivo pretargeting predicated on BsAbs capable of
binding tumor biomarkers as well as DOTA-based haptens has
also shown promise for both imaging and radioimmunotherapy in
murine models of disease (40).

CONCLUSION

The next few years will undoubtedly be critical for work at the
intersection of nuclear medicine and antibody engineering. It is
undeniably easy to get excited about the preclinical data produced
by many of these innovations, including sdAb-based radioimmu-
notherapeutics, new approaches to site-specific bioconjugation,
and novel strategies for pretargeted imaging and therapy. Yet the
key step for many of these technologies will be the move from the
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laboratory to the clinic. This is, admittedly, easier said than done,
but their impact on patient care will ultimately hinge on clinical
outcomes, so generating clinical data as soon as possible is imper-
ative. There is more to do in the laboratory, too. For example, the
preliminary work on the interplay between radioimmunoconju-
gates and Fc receptors is intriguing, but it behooves the field to
explore these relationships in murine models that better recapitu-
late the human immune system. Finally, we hope to see even more
bridges built between the nuclear medicine community and those
studying immunotherapy and antibody—drug conjugates, as the
cross-pollination of ideas between these fields can only lead to
improved technologies for the clinic.
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EDITORIAL

Radionuclide Evaluation of Brain Death in the Post-McMath

Era: Epilogue and Enigmata

Lionel S. Zuckier

Division of Nuclear Medicine, Department of Radiology, Montefiore Medical Center and the Albert Einstein College of Medicine,

Bronx, New York

On occasion, a patient’s medical odyssey emerges from obscu-
rity into the public domain. Jahi McMath was an unfortunate 13-y-old
girl who suffered a cardiac arrest after surgery and was subsequently
declared dead by neurologic criteria (hereafter referred to as brain
death [BD]). Her family successfully petitioned the courts to prevent
interruption of supportive care. She was maintained on a ventilator for
4.5 y until experiencing cardiopulmonary arrest in June 2018.

Because the profound and protracted legal arguments surrounding
Jahi’s medical course resulted in extensive media coverage, many
clinical details were disclosed in the public domain, which served as
a nidus for editorials and reviews in the medical literature. An article
on radionuclide evaluation of BD appeared in this journal in 2016,
reviewing the initial course of Jahi McMath’s illness and discussing
the role of scintigraphy in the determination of BD (7). Jahi’s entire
medical records were released, including images from a radionu-
clide BD examination (2). This editorial updates the prior report by
providing additional clinical history, radionuclide images and their
analysis, and a discussion of controversy and questions engendered
by this tragic case. Clinical information presented here is in the
public domain, either in previously published literature or with per-
mission granted by Jahi’s mother.

CHRONOLOGY

In 2013, Jahi McMath presented with symptoms of obstructive
sleep apnea and underwent surgery to resect offending tonsillar tis-
sues (chronology in Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org). In the postoperative
period, she bled into her airway, suffered a cardiac arrest, was resus-
citated, and then was placed on a ventilator. On postoperative day 3,
hospital physicians determined that she met the clinical criteria for
BD (3); however, the family insisted that supportive therapy be
maintained. Electroencephalogram studies at that time were iso-
electric. On day 14, a 9MT ¢ bicisate study was performed, which
supported the diagnosis of BD, and a court-appointed pediatric neu-
rologist meticulously repeated the clinical determination of BD,
independently confirming the diagnosis. By legal means, the family
compelled the hospital to maintain life support until Jahi was
released to her mother on day 27. She was then moved to New
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Jersey, where an exemption to BD can be invoked to accommodate
personal religious beliefs, initially to a medical facility and subse-
quently to a private apartment. She remained on a ventilator until
experiencing cardiovascular collapse 4.5 y after the initial BD
pronouncement.

SCINTIGRAPHIC IMAGING AND FINDINGS

According to guidelines, ancillary studies are not required to
establish the diagnosis of BD unless certain elements of the physi-
cal examination cannot be properly performed. Ancillary studies
may still have a role to play for social reasons, such as allowing
family members to better comprehend the diagnosis (3), which
most aptly fits the current circumstance. Brain scintigraphy with
lipophilic compounds may also play a separate role in prognosti-
cating potential recovery in patients with catastrophic brain injury,
even when not directly related to BD determination, and may be
helpful to family and caregivers in decision making.

On day 14 of Jahi’s course, a perfusion study of the brain was
performed after injection of 1.0 GBq of **™Tc-bicisate (Neurolite;
Lantheus). Twenty scintigraphic imaging files were provided on
an eFilm Lite disk (version 4.1.0; Merge Healthcare); these were
provided without any editorial stipulations. Representative images
are displayed in Figures 1-3; additional images are presented in
the supplemental materials. Tomographic information was pro-
vided as secondary-capture images, not amenable to scrolling or to
triangulation between planes, and lacking the original dynamic
range of counts (though the windowing appears grossly adequate).
These limitations should not be regarded as consequential because,
according to guidelines, tomographic imaging is an optional com-
ponent of BD studies. The examination was otherwise technically
adequate, with performance closely conforming to published guide-
lines (4,5). No intracranial blood flow or parenchymal perfusion
was visualized on dynamic, static, or tomographic phases of the
examination.

CONTROVERY REGARDING THE MEDICAL COURSE

Although inconsistency in BD determination has been docu-
mented in the literature and potentially could lead to a false-positive
diagnosis, it is unlikely that both of Jahi’s clinical examinations
were invalid, because of the enhanced expertise focused on her
high-profile case. Her perfusion study was fully compliant with rele-
vant guidelines, and no intracranial blood flow or parenchymal brain
uptake was apparent.
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FIGURE 1. ®™Tc-bicisate, 1.0 GBq, was injected via femoral central line with scalp tourniquet in
place. Representative dynamic tomographic images were selected from series of 95 rapid sequen-
tial images acquired in anterior projection at 1- or 2-s intervals (timing details not specified in images
or report). Activity is clearly seen within common carotid arteries; however, no intracranial flow is

-

for intermittent consciousness (8). Return of
minimal responsiveness, if present, would
directly challenge the presumption that
BD is definitive and permanent.

DISCUSSION

Along with broader concerns raised by
Jahi McMath’s case, it is also opportune to
consider several questions pertaining to
nuclear medicine. Thresholds of minimal
detectable perfusion have never been deter-
mined for scintigraphic studies using either
lipophobic or lipophilic radiopharmaceuti-
cals, though these parameters are basic to
their interpretation. For lipophobic radio-
pharmaceuticals, marginal perfusion would
certainly be difficult to appreciate on noisy
1- or 2-s dynamic images. For lipophilic
compounds, the brain stem and small cortical

visualized.

Physicians who perform radionuclide BD studies should be
aware of wide-ranging discussions in the clinical literature regard-
ing Jahi McMath’s case (2,6). Initial conceptualization of BD fre-
quently included rationalization that lack of central control and
coordination precluded continued integration of the organism.
Although this dogma was largely abandoned, it is still distinctly
unusual for a BD patient to maintain homeostasis over a span of
several years, regulate body temperature, develop signs of puberty,
and experience several menstrual cycles, as Jahi did. Jahi’s course
was also exceptional in that most patients for whom BD is declared
will immediately proceed to organ donation or be removed from
the ventilator, leaving no opportunity for subsequent observation;
under these circumstances, the frequency of delayed return of func-
tion cannot be estimated. Despite this paradigm, occasional case
reports have surfaced in which neurologic function is noted to
return after pronouncement of BD (7), similar to our narrative.
Several medical personnel, including a prominent pediatric neu-
rologist, came to believe that Jahi could intermittently respond
in a purposeful manner to verbal commands (such as “move your
arm”) (2). Additionally, the MRI examination performed 10 mo after
the initial cardiac arrest unexpectedly demonstrated large regions of
grossly intact brain, including cortex, basal ganglia, thalamus, upper
brain stem, and cerebellum, which could serve as a structural basis

regions adjacent to the calvarium represent

areas where identification of minimal perfu-
sion would be challenging, even with tomography. Coupled with
uncertainty regarding the amount of blood flow required to maintain
the structural integrity and function of neurologic tissue, it is difficult
to assert that lack of visualization of blood flow on a scinti-
graphic study would predict complete necrosis of the brain or
even guarantee absence of function. This concern seemed realized in
Jahi’s case, with perfusion not being visible on the **™Tc-bicisate
study yet large regions of cerebral cortex remaining intact, and
according to some experts, a minimally conscious state emerged.
Previous analysis of PET perfusion data in adults has suggested that
the minimal regional cerebral blood flow necessary for preservation
of tissue integrity is at least 15 mL of blood per 100 g of tissue per
minute whereas that required for normal neurologic function is at
least 19 mL of blood per 100 g of tissue per minute (9). Could
this amount of perfusion have been present but not visible on the
9mTc bicisate study? Conversely, was perfusion absent during scin-
tigraphy, possibly because of a transient hypotensive episode, but
subsequently returned? Our fundamental lack of knowledge regard-
ing the behavior of the *™Tc-bicisate examination prevents us from
arriving at definitive answers.

A related issue concerns estimating the specificity of scintigraphy
for determination of BD. Characterization of specificity requires
evaluation of the examination in a population of subjects similar to

that possessing the condition in question

Ant

R Lat

but lacking the particular condition itself.
The ancillary examination must therefore
be studied in a cohort of patients with cata-
strophic brain injury but without complete
loss of function. Such an evaluation has
not occurred for many of the modalities,
because this group of patients is simply
not sent for ancillary study; if the clinical
examination reveals any residual neurologic
function, the blood flow study is deferred.
This fundamental limitation has compro-
mised validation studies in the nuclear med-

FIGURE 2. Anterior and right lateral views of ®*"Tc-bicisate tomographic images obtained several
minutes after injection demonstrate activity in extracranial tissues of face and skull. No activity is
localized in cerebrum or cerebellum. Ant and A = anterior; Lat = lateral; P = posterior.
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icine literature, which has included only a
handful of appropriately non—brain-dead sub-
jects. In one study using lipophobic methods,
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perfusion” rather than “demonstrates BD”
(4). The subjective formulation “shows no
evidence” is also particularly appropriate in
that it avoids the fundamentally unsubstanti-
ated claim that “no blood flow is present.”
A more thorough and robust understanding
of these tests, combined with an effort to
standardize their implementation, could serve
to bolster their role in the determination of
BD, especially in difficult or controversial
circumstances.
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10 appropriate non-BD patients were enrolled, but specificity for
determining BD was a paltry 50% (Z0). Presumably, lipophilic radio-
pharmaceuticals would possess higher specificity, but this has not
been rigorously demonstrated.

CONCLUSION

Jahi McMath’s tragic narrative highlights several unanswered
questions relevant to the diagnosis of BD. For several decades,
radionuclide techniques have served an important ancillary role in
complementing incomplete clinical BD examinations though they
remain incompletely characterized. Radionuclide BD examinations
are invaluable when they demonstrate unexpected intracranial blood
flow, preventing erroneous determination of BD; inferences when
blood flow is not visualized remain more enigmatic. The threshold of
blood flow required for visualization remains unknown. The accepted
role of an ancillary test is to supplement but never replace the physical
BD examination, as is congruent with an imperfect specificity of these
ancillary tests. For this reason, Society of Nuclear Medicine and
Molecular Imaging guidelines appropriately recommend that the
impression of a positive study conclude “shows no evidence of brain
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REFERENCES

. Zuckier LS. Radionuclide evaluation of brain death in the post-McMath era. J Nucl
Med. 2016;57:1560-1568.

. Shewmon DA, Salamon N. The extraordinary case of Jahi McMath. Perspect Biol
Med. 2021;64:457-478.

. Nakagawa TA, Ashwal S, Mathur M, et al. Clinical report: guidelines for the deter-
mination of brain death in infants and children—an update of the 1987 task force
recommendations. Pediatrics. 2011;128:¢720-e740.

4. Donohoe KJ, Agrawal G, Frey KA, et al. SNM practice guideline for brain death
scintigraphy 2.0. J Nucl Med Technol. 2012;40:198-203.

. ACR-ACNM-SNMMI-SPR practice parameter for the performance of single-

photon emission brain perfusion imaging (including SPECT and SPECT/CT).

ACR website. https://www.acr.org/-/media/ACR/Files/Practice-Parameters/Brain

Perf-SPECT.pdf. Revised 2021. Accessed June 2, 2022.

Lewis A. Reconciling the case of Jahi McMath. Neurocrit Care. 2018;29:20-22.

. Nair-Collins M, Joffe AR. Frequent preservation of neurologic function in brain
death and brainstem death entails false-positive misdiagnosis and cerebral perfu-
sion. AJOB Neurosci. September 29, 2021 [Epub ahead of print].

. Shewmon DA, Salamon N. The MRI of Jahi McMath and its implications for the
global ischemic penumbra hypothesis. J Child Neurol. 2022;37:35-42.

. Powers WJ, Grubb RL Jr, Darriet D, Raichle ME. Cerebral blood flow and cerebral
metabolic rate of oxygen requirements for cerebral function and viability in
humans. J Cereb Blood Flow Metab. 1985;5:600-608.

10. Flowers WM Jr, Patel BR. Radionuclide angiography as a confirmatory test for brain

death: a review of 229 studies in 219 patients. South Med J. 1997;90:1091-1096.

—_

[}

w

w

I

=)

K=l

Zuckier 1325



Targeted a-Emitter Therapy with 2'>’Pb-DOTAMTATE
for the Treatment of Metastatic SSTR-Expressing
Neuroendocrine Tumors: First-in-Humans Dose-Escalation

Clinical Trial
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Peptide receptor radiotherapy with somatostatin analogs has been
successfully used for years as a treatment for somatostatin-overex-
pressing tumors. Treatment of neuroendocrine tumors (NETs) with the
B-particle emitter '7’Lu-DOTATATE is currently considered the stan-
dard of care for subjects with gastroenteropancreatic NETs. Despite
the success of "7Lu-DOTATATE, there remains significant room for
improvement in terms of both safety and efficacy. Targeted «-emitter
therapy with isotopes such as 2'2Pb has the potential to improve both.
Here, we present the preliminary results of the phase 1 first-in-humans
dose-escalation trial evaluating 2'?Pb-DOTAMTATE (a bifunctional
metal chelator [DOTAM] and the SSTR-targeting peptide [TATE]) in
patients with somatostatin receptor—positive NETs. Methods: Twenty
subjects with histologically confirmed NETSs, prior positive somatostatin
analog scans, and no prior history of "77Lu/?°Y/"""In peptide receptor
radiotherapy, with different primary sites of the disease, were enrolled.
Treatment began with single ascending doses of 2'2Pb-DOTAMTATE,
with subsequent cohorts receiving an incremental 30% dose increase,
which was continued until a tumor response or a dose-limiting toxicity
was observed. This was followed by a multiple ascending dose regi-
men. The recommended phase 2 dose regimen consisted of 4 cycles
of 2.50 MBg/kg (67.6 wCi/kg) of 2'?Pb-DOTAMTATE administered at
8-wk intervals, intravenously. Results: Ten subjects received the high-
est dose, 2.50 MBg/kg/cycle (67.6 nCi/kg/cycle). Treatment was well
tolerated, with the most common treatment-emergent adverse events
being nausea, fatigue, and alopecia. No serious treatment-emergent
adverse events were related to the study drug, and no subjects
required treatment delay or a dose reduction. An objective radiologic
response of 80% was observed for the first 10 subjects treated at the
recommended phase 2 dose. Conclusion: Targeted a-therapy with
212pp_DOTAMTATE has been shown to be well tolerated. Preliminary
efficacy results are highly promising. If these results are confirmed in a
larger, multicenter clinical trial, 2'>Pb-DOTAMTATE would provide a
substantial benefit over currently Food and Drug Administration—ap-
proved therapies for patients with metastatic or inoperable SSTR-
expressing NETs regardless of the grade and location of the primary
tumor.

Key Words: TAT; PRRT; 2'2Pb-DOTAMTATE; NET; NEN, phase 1
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Neuroendocrine tumors (NETs) are a heterogeneous group of
rare neoplasms that originate from neuroendocrine cells. These neo-
plasms occur mostly in the gastrointestinal tract and pancreas but
can also occur in other tissues, including thymus and lung, as well
as uncommon sites such as ovaries, heart, and prostate. Regardless
of their primary site, NETs share histologic, immunohistochemical,
and ultrastructural features. NETs retain multipotent differentiation
capacities, including the ability to produce and secrete a variety of
metabolically active substances such as amines, peptides, and prosta-
glandins (/).

Most NETs strongly express somatostatin receptors (SSTRs), pre-
dominantly of the somatostatin 2 subtype (2), providing the basis of
antisecretory and antiproliferative therapy with somatostatin analogs
(short- and long-acting octreotide and long-acting lanreotide). These
drugs are highly effective in controlling symptoms associated with
carcinoid syndrome and have been shown to improve progression-
free survival (PFS) in the metastatic setting in gastroenteropancreatic
NETs (3). Although PFS can be prolonged, a high percentage of
patients will progress and require additional therapy. Current guide-
lines recommend that patients with locoregional advanced disease or
distant metastases for NETS of the gastrointestinal tract be treated
with systemic therapy such as everolimus, sunitinib, or peptide
receptor radionuclide therapy (PRRT) with the B-emitter '7’Lu-
DOTATATE (4). This is currently the only PRRT approved by the
U.S. Food and Drug Administration for patients with SSTR-express-
ing gastroenteropancreatic NETs (5). The NETTER-1 study demon-
strated a clinically meaningful and statistically significant increase in
PFS and objective radiologic response (ORR) in subjects with
advanced gastroenteropancreatic NETs treated with !7’Lu-DOTA-
TATE and long-acting octreotide (30 mg) compared with those
treated with high-dose long-acting octreotide. At the data-cutoff date
for the primary analysis, the estimated PFS at month 20 was 65.2%
in the '7’Lu-DOTATATE group and 10.8% in the control group (6).
Although the NETTER-1 trial demonstrated a tremendous benefit in
PFS and overall survival, the ORR was only 13% in the !7’Lu-
DOTATATE group versus 3% in the octreotide group, with only 1
complete response (CR) and 14 (12%) partial responses (PR) in the
77Lu-DOTATATE group (7). It stands to reason that a radiopharma-
ceutical that provides a superior ORR will likely also improve PFS
and overall survival.

212Ph-DOTAMTATE is the first 2!2Pb-labeled octreotate ana-
log to treat SSTR-expressing NETSs and targets SSTR-expressing
malignancies regardless of their primary organ of origin and their
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proliferative index. The drug consists of 3 linked components: the
212pp jsotope, a bifunctional metal chelator (DOTAM), and the
SSTR-targeting peptide (TATE).

The physical half-life of 2!?Pb is 10.6 h, and it is an in vivo gen-
erator of a-emitting particles. 2'2Pb itself is not an a-emitter, but
its decay scheme includes 2 a-particles (1 per branch) with potent
cytotoxicity to cell nuclei (8,9).

Compared with currently used B-emitters such as !7’Lu-DOTA-
TATE (10,11), 2'?Pb-DOTAMTATE provides a significantly higher
linear energy transfer delivered in a shorter pathlength. In theory, a
higher linear energy transfer should induce more double-stranded
DNA damage to the tumor cells, ultimately resulting in irreparable
tumor cell injury, apoptosis, and cell death. Additionally, because of
the shorter pathlength, there are fewer side effects for subjects
receiving targeted a-therapy (TAT) (12). Accordingly, to address an
unmet need of TAT in the field of PRRT for NET, we are undertak-
ing a phase 1 study with the main objective of determining the safety
and dose-limiting toxicity of ascending doses of 2!2Pb-DOTAM-
TATE used for TAT in subjects with SSTR-expressing NETs. A
secondary objective was to determine the pharmacokinetic properties
as well as the preliminary effectiveness of ascending doses of 2!2Pb-
DOTAMTATE.

MATERIALS AND METHODS

Study Design

This open-label, nonrandomized, dose-escalation and dose-expan-
sion phase 1 trial (NCT03466216) was conducted at a single center in
the United States (Excel Diagnostics Nuclear Oncology Center, Hous-
ton, Texas). This prospective study was performed in accordance with
the Helsinki Declaration and followed the International Conference
on Harmonization good-clinical-practice guidelines. The study was
approved by the Biomedical Research Alliance of New York Institu-
tional Review Board; all subjects gave written informed consent
before enrollment. The study was conducted in full compliance with
the U.S. Health Insurance Portability and Accountability Act. Eligible
patients included men and women at least 18 y old with an Eastern
Cooperative Oncology Group performance status of 0—2. They had to
have a life expectancy of at least 12 wk and a histologically confirmed
diagnosis of NET, either unresectable or metastatic progressive dis-
ease, with at least 1 site of measurable disease per RECIST 1.1. All
patients were required to have SSTR imaging within 4 wk of the first
dose. Patients who had been treated with prior whole-body radiother-
apy or PRRT using ""Lu/°Y/'"'In-DOTATATE/DOTATOC or TAT
were excluded. Therapeutic use of any somatostatin analog, including
long-acting octreotide acetate (within 28 d) and octreotide acetate
(within 1 d), before administration of the study drug was exclusionary.

The study was designed as a single-ascending-dose (SAD)/multi-
ple-ascending-dose (MAD) trial using a 3 + 3 dose-escalation scheme
with an 8-wk dose-limiting toxicity period. Dose escalation proceeded
as per Table 1. The initial dose to be examined was 1.13 MBg/kg
(30.7 nCi/kg), and subsequent cohorts received an incremental 30%
dose increase until a tumor response or a dose-limiting toxicity was
observed. The maximum total dose per subject in the SAD cohort was
296 MBq (8 mCi). The maximum total dose per subject in the MAD
cohort was 888 MBq (24 mCi). All these limits were assigned by
human dosimetry calculations performed on subjects having received
the 2°*Pb-AlphaMedix (RadioMedix, Inc.) surrogate under investiga-
tional new drug 130,960. The activity of each cycle was not to exceed
203.5 MBq = 10%. (5.5 mCi = 10%), regardless of the subject’s
weight, and the cumulative dose was not to exceed 888 MBq
(24 mCi). The data safety monitoring board was responsible for deter-
mining both dose escalation in the SAD cohorts and dose at which

TAT or NET with 2'?Ps-DOTAMTATE -

TABLE 1
Dose Escalation per Cycle in SAD and MAD Cohorts

Cohort Dose per cycle (MBg/kg = 10%)
1 1.13 (30.7)
2 1.48 (40.0)
3 1.92 (52.0)
4 2.50 (67.6)

Data in parentheses are microcuries.

expansion into the MAD cohorts would occur. The board recom-
mended transitioning to the MAD cohort if there was clinical efficacy
and lack of any dose-limiting toxicities.

Nonhematologic dose-limiting toxicities were defined as all grade 3
toxicities (except alkaline phosphatase) not responsive within 72 h of
supportive care and any grade 4 toxicities. Hematologic dose-limiting
toxicities were defined as any toxicity that did not recover to grade 2
or less within 8 wk after administration of the study drug. A dose-
modifying toxicity was defined as any grade 3 or 4 hematologic toxic-
ity (except lymphopenia) that did not resolve within 8 wk from the
prior administration or a grade 2 or higher serum creatinine level that
did not resolve within 8 wk from the prior administration.

The MAD treatment regimen began at the 1.92 MBg/kg (52.0 nCikg)
dose level and was escalated to the fourth cohort (MAD4) at a dose of
2.50 MBg/kg (67.6 nCi/kg/cycle). The cohort was then expanded to
include 7 more patients for a total of 10. Thirty minutes before each dose,
an amino acid solution of lysine and arginine was administered at
250 mL/h over 4 h for kidney protection against the effects of radiation.
Before each injection cycle, the subjects had a physical exam, filled out
the quality-of-life questionnaire of the European Organization for the
Research and Treatment of Cancer, and had routine blood testing (includ-
ing complete blood count, comprehensive metabolic panel with estimated
glomerular filtration rate [eGFR], and tumor markers), an electrocardio-
gram, and medical imaging. Baseline and follow-up imaging included
contrast-enhanced MRI or CT for RECIST 1.1 evaluation. *™Tc-diethyl-
enetriaminepentaacetic acid renal scanning and ®*Ga-DOTATATE PET/CT
were also performed. '8F-FDG PET/CT and bone scanning were per-
formed on selected patients at the principal investigator’s discretion.
"8F-FDG PET/CT was repeated if positive at the baseline evaluation.

For all subjects, safety follow-up visits were scheduled at 2, 5, 8,
and 12 mo after the single injection in the SAD cohorts and after the
fourth injection in the MAD cohorts. The 12-mo safety follow-up visit
was also the end-of-study visit. From months 13 to 36, a structured,
semiannual telephone follow-up call was made to collect information
on late toxicity, any hospitalizations, recent imaging results, and new
treatment. Efficacy assessments per RECIST 1.1 were performed after
each cycle, as was functional imaging. Objective radiographic
response (ORR) was assessed according to RECIST 1.1. Following
our own preestablished criteria, the PET/CT imaging response was
defined as CR when all SSTR-positive lesions were resolved or as PR
when there was a reduction of more than 50% of the visually esti-
mated tumor burden. Visual estimation of the overall tumor burden for
each patient by ®®Ga-DOTATATE PET/CT was subjective and done
by an experienced (>25 y) board-certified nuclear medicine physician
estimating the reduction in tumor burden, considering that the baseline
%Ga-DOTATATE PET/CT scan reflected 100% of the tumor burden.
Duration of response was defined as the time that measurement criteria
were first met for CR/PR by RECIST 1.1 until the date that recurrent

Delpassand et al. 1327
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or progressive disease was objectively docu-
mented (/3) or last clinical contact (June 2021).
Time to response was defined as the time
between the first administration of study drug r g
and the time when RECIST measurement crite-

ria were first met for CR/PR.

The primary endpoint was assessment of the
safety and dose-limiting toxicities of ascending
doses of *'*Pb-DOTAMTATE used for TAT
of subjects with SSTR-expressing NETs. Sec-
ondary endpoints included pharmacokinetics,
dosimetry, and determination of preliminary "
effectiveness of 2'?Pb-DOTAMTATE. Adverse
events were coded using the National Cancer
Institute Common Terminology Criteria for
Adverse Events, version 4.03. eGFR was cal-
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culated using the Chronic Kidney Disease
Epidemiology Collaboration equation. Phar-
macokinetics were evaluated through the col-
lection of several blood samples at multiple
time points and urine collection before and
after the intravenous administration of 2!2Pb-DOTAMTATE.

Dosimetry data were obtained for 6 subjects in the MAD4 cohort
and will be reported in a separate article.

The Student 7 test was used to compare the means and derive P val-
ues using JMP Clinical, version 8.0 (SAS Institute Inc.).

RESULTS

Twenty PRRT-naive subjects (10 male, 10 female) have been
treated to date (median age, 62 y; range, 27-80 y), with 10 of 10
subjects (100%) receiving 4 cycles of 2!?Pb-DOTAMTATE at the
highest dose level, 2.50 MBg/kg/cycle (67.6 nCi/kg/cycle) (Table 2).
The mean cumulative dose administered
over 4 cycles based on a dose of 2.50 MBg/kg

FIGURE 1. Volume-rendered images of '8F-FDG PET/CT scans from subject MAD4-03 before
(Ieft) and after (right) treatment with 4 cycles of 2'2Pb-DOTAMTATE.

in the sum of the diameters of the target lesions. The largest
percentage decrease in the sum of the diameters that was not a CR
was seen in subject MAD4-02, with an 85% decrease (Figs. 2 and 3).
The median decrease in the sum of the diameters for all patients
was 41%.

Response by ®®Ga-DOTATATE PET/CT in the MAD4 cohort
demonstrated 3 CR (patients MAD4-02, -03, and -06), 4 PR, and 3
stable disease (Fig. 4). The mean decrease in the sum of the diame-
ters per RECIST in those patients who demonstrated a CR by
%8Ga-DOTATATE PET/CT was 84% (range, 70%-100%). Although
patient MAD4-04 did not meet the definition of PR per RECIST,

(67.6 n.Cikg) was 791 MBq (21.4 mCi), with
a range of 681-873 MBq (18.4-23.6 mCi).
All patients had received or declined all
Food and Drug Administration—-approved
medications for their disease, except for
PRRT, including somatostatin analogs, and
progressed before enrollment. The time
between the histopathologic diagnosis and
the first cycle of treatment with 2'?Pb-
DOTAMTATE varied considerably from
patient to patient, ranging from 0.3 to 10.7y,
with a mean of 5.36 y.

Radiographic Results

No ORR by RECIST 1.1 was seen in
cohorts SAD1 or SAD2 or in the first MAD
cohort (MAD3). In the MAD4 cohort, the
ORR by RECIST was 80% (1 CR, 7 PR, 2
stable disease). One subject (10%) in the
MAD#4 cohort (MAD4-06) demonstrated an
objective response 8 wk after the first injec-
tion, 6 of 7 subjects [86%]) demonstrated
an objective response after the third cycle of
therapy, and 1 subject (MADA4-07) achieved
a PR after completion of all 4 cycles. The

only CR by RECIST was in subject MAD4-
03, after the 10-mo visit (Fig. 1). Four

patients (40%) had at least a 50% decrease  seeninB.

TAT or NET with 2'?Ps-DOTAMTATE -

FIGURE 2. MRI of liver before (A) and after (B) treatment with 4 cycles of 2'?Pb-DOTAMTATE in
subject MAD4-02. Arrows point to liver metastases. Near-complete resolution of liver metastases is

Delpassand et al. 1329



Safety
gjé No dose-limiting toxicities were noted
018 during dose escalation or expansion, and
d .' g:}g no subject required a delay in treatment or
0.18 a reduction or cancellation of dose. In total,
g:i 170 adverse events were reported. Eighty-two
0143 (46%) were reported in the SAD cohort and
0.12 97 (54%) in the MAD cohort. Of the adverse
3.:3: events, 49 (29%) were grade 2, 7 (5%) were
008 grade 3, and none (0%) were grade 4. Thirty-
e two treatment-emergent adverse events
0.05 (TEAEs) were considered related to the study
gﬁ_ drug, with the most common being alopecia
0.03 (25%) and nausea (31%).
0.02 Fifteen serious TEAES, including 2 deaths,
o.o; were reported (Table 3). Most serious

FIGURE 3. Bone scans of subject MAD4-02 before (left) and after (right) treatment with 4 cycles of
212ppH-DOTAMTATE. Most lesions on initial baseline bone scan (arrows) are completely healed on

bone scan after treatment.

with only a 26% decrease in the sum of the diameters of the target
lesions, ®*Ga-DOTATATE PET/CT demonstrated obvious improve-
ment in tumor burden.

No progression of disease was noted for 9 of 10 subjects (90%)
who completed treatment. One subject experienced disease progression
approximately 10 mo after completing all 4 cycles of treatment (16 mo
after treatment initiation). Interestingly, the new lesions were not seen
on ®Ga-DOTATATE PET/CT but were seen on 'F-FDG PET/CT,
suggestive of an undifferentiated NET or a non-SSTR-expressing
malignancy.

At the time of the last data collection, all MAD4 patients were alive,
with the median length of follow-up being 17.4 mo (range, 9-26 mo).
The median duration of response was 14 mo (range, 522 mo), and
the median time to response was 5.2 mo (range, 1.7-10.3 mo).

TEAEs were reported in the SAD cohorts
(9/15) and were reported by 4 patients. Six
serious TEAEs were reported in the MAD
cohort by only 2 patients. The preferred
terms for the reported serious TEAEs,
by patient, were disease progression for
SADI1-01; pain, malignancy-associated pain, dehydration, low eGFR
(grade 3), and disease progression for SAD2-02; acute renal failure
and renal failure for MAD3-01; worsening achalasia for MAD4-01;
and fatigue, acute cerebrovascular accident, hypoglycemia, dys-
pnea, and chronic kidney disease for MAD4-03. None of the reported
serious TEAEs were considered related to the study drug.

Vital Signs

There were no clinically significant changes in systolic blood
pressure, diastolic blood pressure, heart rate, or QT interval from
baseline compared with the last cycle of treatment for all subjects.

Hematologic, Hepatic, and Renal Parameters
In the MAD4 cohort after 6 mo of treatment, there was no sta-
tistically significant difference from screening in platelets (median,

7
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FIGURE 4. \Volume-rendered images of ®3Ga-DOTATATE PET/CT scans from first 10 subjects enrolled in cohort 4 (MAD4) before treatment (left side of
each panel) and after treatment (right side of each panel) with 4 cycles of 2'>Pb-DOTAMTATE at dose of 2.50 MBaq/kg (67.6 pCi/kg) for each cycle.
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TABLE 3
All Serious Adverse Events

Subject Event preferred term Causality Grade Outcome
SAD1-01 Disease progression Not related ® Fatal
SAD2-02 Pain Not related 2 Recovered
SAD2-02 Cancer pain Not related 2 Recovered
SAD2-02 Dehydration Not related 2 Recovered
SAD2-02 Disease progression Not related 5 Fatal
SAD2-02 Low glomerular filtration rate Not related 3 Recovered
MAD3-01 Acute kidney injury Unlikely 2 Recovered
MAD3-01 Renal failure Unlikely 3 Not recovered
MAD3-04 Abdominal pain Unlikely 3 Recovering
MAD4-01 Worsening achalasia Not related 3 Recovered
MAD4-03 Dyspnea Unlikely 3 Recovered
MAD4-03 Fatigue Unlikely 2 Resolved
MAD4-03 Hypoglycemia Unlikely 2 Resolved
MAD4-03 Cerebrovascular accident Unlikely 2 Resolved
MAD4-03 Chronic kidney disease Unlikely 2 Not recovered

264 X 10°L; range, 124-417 X 10°L; P = 0.304), hemoglobin
(median, 13.4 g/dL; range, 10.3-16.3 g/dL; P = 0.1475), absolute neu-
trophil count (median, 3.52 X 10°/L; range, 2.08-5.1 X 10°/L; P =
0.1833), or white blood cells (median, 5.7 X 10°/L; range,
3.27-9 X 10°/L; P = 0.0868).

Regarding the mean lymphocyte count, there was no significant
change when comparing baseline screening with cycle 1. There
was a statistically significant change when comparing cycle 2 with
screening (P = 0.0043), cycle 3 with screening (P = 0.0003), and
cycle 4 with screening (P = 0.0014); however, at 6 mo after treat-
ment, there were no statistically significant differences from screening
(median, 1.09 X 10°/L; range, 0.3-2.42 10°/L; P = 0.0508).

There were no statistically significant changes in alanine trans-
aminase at 6 mo after treatment (P = 0.091984). There were sta-
tistically significant changes in aspartate aminotransferase (P =
0.0454) when comparing screening with the 6-mo time point.

The mean and median baseline eGFRs of all enrolled patients
were 86.4 mL/min/1.72 m? and 92.7 mL/min/1.72 mz, respec-
tively. The mean eGFR for the MAD4 cohort at screening was
90.4 mL/min/1.72 m?, and at the end of cycle 4 it was 86.64
mL/min/1.72 m?. This was not a statistically significant differ-
ence (P = 0.06499). At 3 mo after completion of cycle 4, the
mean eGFR was 78.34 mL/min/1.72 m?, which was not sig-
nificantly different from baseline (P = 0.8650). At the 6-mo
follow-up, the mean eGFR was 73.38 mL/min/1.72 m?, which
was significantly different from screening (P < 0.001) but
had no clinical significance.

DISCUSSION

The current study on adults with progressive metastatic or inop-
erable SSTR-expressing NETSs suggests that treatment with 2!2Pb-
DOTAMTATE provides a clear clinical benefit regardless of the
location of the primary site or grade of the tumor. This is a para-
digm change from conventional ideas that PRRT needs to be done
only on G1 or G2 gastroenteropancreatic NETs. We are treating

TAT or NET with 2'?Ps-DOTAMTATE -

these patients on the basis of their molecular biology and receptor
affinity. Of the 10 subjects who received all 4 cycles, 8 (80%)
demonstrated an objective, long-lasting radiologic response by
RECIST 1.1, which is highly encouraging. In the pivotal multina-
tional, randomized, double-blind, placebo-controlled phase 3 trial
of sunitinib in patients with advanced, well-differentiated pancre-
atic NETs, sunitinib demonstrated an ORR of 9.3%, compared
with 0% in the placebo group (/4). In the more recent NETTER-1
study, which enrolled only patients with midgut NETs, the initial
ORR was 18% in the '77Lu-DOTATATE group compared with
only 3% in the octreotide group (7). These data were later updated
to a 13% ORR in the '"7Lu-DOTATATE group and 4% in the
control group (6). Despite the relatively low ORR, substantial
improvements were made in both PFS and overall survival. In the
current study, although the number of patients was small, at the
time of this data evaluation (median follow-up, 17.4 mo) the dura-
tion of response (14 mo) was extremely encouraging. Follow-up
continues to determine the true duration of response. The phase 11
study is planned.

In terms of safety, 2!2Pb-DOTAMTATE appears to be well tol-
erated, with mild and manageable side effects. We did not find
clinically significant hematologic or hepatic toxicity, although the
number of patients treated at the highest dose was small and
further follow-up is necessary. We did find a statistically signifi-
cant change from baseline in aspartate aminotransferase, likely
explained by 1 subject whose aspartate aminotransferase level was
approximately 1.5 times the upper limit of normal and likely of no
clinical concern.

We did not observe any statistically significant changes in most
hematologic parameters; however, we did observe an expected, sta-
tistically significant decrease in the absolute lymphocyte count dur-
ing treatment that trended toward normal after completion of
therapy. Although there was a decrease in the lymphocyte count,
the absolute neutrophil count remained normal throughout the treat-
ment period. No other hematologic parameters had a statistically

Delpassand et al. 1331



significant change in values at the 6-mo follow-up compared with
baseline.

Kidney reabsorption of radiolabeled peptides can lead to dose-
limiting nephrotoxicity after PRRT. The time frame for kidney
damage is unknown; however, data from external-beam radiother-
apy indicate that chronic kidney failure may occur in up to 5% of
patients within 5 y of a dose higher than 23 Gy (/5,16). This con-
cept has not been proven to be accurate for radioligand therapy
but, at the moment, is the only available principle for regulatory
agencies. Nevertheless, some centers strictly following the recom-
mended kidney tolerance thresholds and not exceeding 4 X 7.4
GBq '""Lu-DOTATATE reported either no grade 3 or 4 subacute
nephrotoxicity (in 323 patients) (/7) or only 1.5% grade 3 or 4
nephrotoxicity (in 807 patients) (/8). Results from a recently pub-
lished retrospective review on a 5-y follow-up of NET patients
treated with 2>>Ac-DOTATOC show there was an average eGFR
loss of 8.4 mL/min per year, which was more pronounced in
patients treated with higher doses (/9). In the present study,
3 patients experienced serious TEAEs related to the kidney.
Two patients in the SAD cohort had transient decreases in renal
function due to dehydration; these were determined to be unrelated
to the investigational drug. Patient MAD4-03, who obtained a CR
from treatment, experienced acute kidney injury and resultant per-
sistent chronic kidney disease. This 75-y-old patient had several
confounding factors, including a longstanding history of obesity,
hypertension, and poorly controlled type 2 diabetes mellitus and
experienced a cerebrovascular accident before the kidney insult.
Baseline serum creatinine and eGFR were 0.84 mg/dL and 92.5
mL/min/1.72 m?, respectively. Both values remained relatively sta-
ble throughout treatment and began to change approximately 2 wk
after the last treatment with >'>’Pb-DOTAMTATE. The serum cre-
atinine continued to rise to a high of 1.97 mg/dL, and the eGFR
decreased to 28.5 mL/min/1.72 m>, consistent with stage 3 chronic
kidney disease. Renal function data collection continues for all
MAD4 cohort patients, and long-term follow-up should shed light
on what impact, if any, 2'?’Pb-DOTAMTATE has on the kidneys.
The most common nonhematologic, nonrenal, or nonhepatic adverse
event reported was nausea, followed by transient alopecia. Alopecia
was moderate, and hair growth resumed quickly after treatment had
been completed.

It is difficult to perform appropriate comparisons with the few
published clinical trials of TAT in NET patients, since the radio-
pharmaceuticals used, and subject selection, among other factors,
differ from ours. Nonetheless, data published by Kratochwil et al.
in 2014 showed preliminary good results using 2'*Bi-DOTATOC
TAT (20). Prolonged responses were reported for the 7 patients in
the study. Recently, data from Ballal et al. using 22°Ac-DOTA-
TATE TAT in advanced, progressive, or PRRT-refractory gastro-
enteropancreatic NET patients reported a PR in 15 of 24 (62.5%)
evaluable patients (by conventional imaging) and stable disease in
9 of 24 (37.5%) (21). In contrast to our study, all patients in the
study of Ballal et al. had already been treated with !”’Lu-DOTA-
TATE, and more than half (56%) had progressive disease. Neverthe-
less, the results show that 2>Ac-DOTATATE TAT is a promising
treatment option, even in patients previously treated with '"’Lu-
DOTATATE PRRT.

To the best of our knowledge, our study is the first in humans to
evaluate the safety and response of >'?Pb-DOTAMTATE in NET.
Although the number of patients is small, the results are promising
(Fig. 4).
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Strengths of this study include robust imaging data and inclu-
sion of subjects with progressive metastatic NETs regardless of
location of primary tumor and Ki-67 grade. Limitations of this
study include a small number of patients recruited from only 1
clinical site, lack of central imaging, and limited follow-up.

CONCLUSION

212pp DOTAMTATE is safe. Preliminary efficacy results are
highly promising. If these results are confirmed in a larger, ran-
domized, multicenter clinical trial, 2'>’Pb-DOTAMTATE would
provide a substantial benefit over currently Food and Drug Admin-
istration—approved therapies for patients with metastatic or inoper-
able SSTR-expressing NETs regardless of the grade and location
of the primary tumor.
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KEY POINTS

QUESTION: Is 2'Pb-DOTAMTATE TAT a feasible and effective
treatment modality for NET patients?

PERTINENT FINDINGS: The preliminary results in this first-in-
humans study of 2'2Pb-DOTAMTATE TAT show that it is a
well-tolerated treatment with an overall response rate of 80% in
the first 10 subjects treated with the effective dose.

IMPLICATIONS FOR PATIENT CARE: TAT with 2'?Pb-DOTAM-
TATE in NET patients has shown great potential, exceeding the
standard-of-care treatments currently available, and thus, a phase
2 study will start soon.
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8F_rhPSMA-7.3, the lead compound of a new class of radiohybrid
prostate-specific membrane antigen (rhPSMA) ligand, is currently in
phase lll trials for prostate cancer (PCa) imaging. Here, we describe
our experience in primary PCa staging. Methods: We retrospectively
identified 279 patients with primary PCa who underwent '8F-rhPSMA-
7.3 PET/CT (staging cohort). A subset of patients (83/279) subse-
quently underwent prostatectomy with lymph node (LN) dissection
without prior treatment (efficacy cohort). The distribution of tumor
lesions was determined for the staging cohort and stratified by
National Comprehensive Cancer Network risk score. Involvement of
pelvic LNs was assessed retrospectively by 3 masked independent
central readers, and a majority rule was used for analysis. Standard
surgical fields were rated on a 5-point scale independently for PET
and for morphologic imaging. Results were compared with histopath-
ologic findings on a patient, right-vs.-left, and template basis. Results:
For the staging cohort, '8F-rhPSMA-7.3 PET was positive in 275 of
279 (98.6%), 106 of 279 (38.0%), 46 of 279 (16.5%), 65 of 279
(23.3%), and 5 of 279 (1.8%) patients for local, pelvic nodal, extrapel-
vic nodal, metastatic bone, and visceral metastatic disease, respec-
tively. In the efficacy cohort, LN metastases were present in 24 of 83
patients (29%) and were located in 48 of 420 (11%) resected tem-
plates and in 33 of 166 (19.9%) hemipelvic templates in histopathol-
ogy. The majority vote results showed that patient-level sensitivity,
specificity, and accuracy for pelvic nodal metastases were 66.7%
(95% Cl, 44.7%-83.6%), 96.6% (95% Cl, 87.3%-99.4%), and 88.0%
(95% Cl, 78.5%-93.8%), respectively, for '®F-rhPSMA-7.3 PET and
37.5% (95% Cl, 19.6%-59.2%), 91.5% (95% Cl, 80.6%-96.8%), and
75.9% (95% Cl, 65.0%-84.3%), respectively, for morphologic imag-
ing. '®F-rhPSMA-7.3 showed higher interobserver agreement than
morphologic imaging (patient-level Fleiss k = 0.54 [95% Cl, 0.47-0.62]
vs. 0.24 [95% ClI, 0.17-0.31]). A mean SUV ratio of 6.6 (95% CI, 5.2
8.1) documented a high image contrast between local tumors and
adjacent low urinary tracer retention. Conclusion: '8F-rhPSMA-7.3
PET offers diagnostic performance superior to morphologic imaging
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for primary N-staging of newly diagnosed PCa, shows lower inter-
reader variation, and offers good distinction between primary-tumor
activity and bladder background activity. With increasing National
Comprehensive Cancer Network risk group, an increasing frequency
of extraprostatic tumor lesions was observed.
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In recent years, prostate-specific membrane antigen (PSMA)
PET with tracers such as °®Ga-PSMA-11 has become increasingly
used for diagnostic imaging in patients with prostate cancer (PCa)
(1). The proPSMA trial established that *Ga-PSMA-11 PET, com-
pared with conventional imaging, is a superior imaging modality
for patients with primary high-risk PCa but histopathologic valida-
tion of the %Ga-PSMA-11 PET findings is lacking in most lesions
(2). Most recently, a bicentric phase III trial reported the diagnostic
accuracy of ®8Ga-PSMA-11 for pelvic N-staging (3). In addition to
multiple mainly retrospective series, these studies were pivotal for
the recent integration of PSMA-ligand PET into various guidelines
and for the Food and Drug Administration approval of ®®Ga-
PSMA-11 (4-6).

However, %8Ga-PSMA-11 is not without disadvantages. Substan-
tial accumulation in the urinary bladder through rapid urinary excre-
tion can hinder detection of pelvic lesions (7,8). Conversely, because
of the longer half-life of !8F-labeled PSMA ligands, along with their
potential for larger-batch production and their lower positron range
resulting in higher image spatial resolution, they offer several logisti-
cal benefits and potential for better performance than their *®Ga-
labeled counterparts (9). '*F-DCFPyL was recently approved by the
Food and Drug Administration for biochemical recurrence, but it
also exhibits high tracer retention in the urinary system (10,11).

Radiohybrid PSMA (rhPSMA) ligands are a new class of diag-
nostic and therapeutic PSMA ligands that can be efficiently labeled
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with '8F and with radiometals (/2). Promising preliminary imaging
data (13,14) have been reported for '8F-rhPSMA-7, which com-
prises 4 diastereoisomers. One of these, I8 thPSMA-7.3, was
selected as the lead rhPSMA compound for clinical development
based on preclinical data (/5). To date, the safety and biodistribu-
tion of '8F-rhPSMA-7.3 have been established in healthy volun-
teers and PCa patients. 3F-ThPSMA-7.3 has been shown to have
low average urinary excretion, and diagnostic efficacy has been
demonstrated in patients with biochemical recurrence of PCa
(16-18). "8F-thPSMA-7.3 is currently under evaluation in 2 phase
III studies, for primary and biochemical recurrence of PCa
(NCT04186845 and NCT04186819).

The present retrospective analysis provides the first data, to our
knowledge, on use of '8F-thPSMA-7.3 PET for primary staging in
patients with newly diagnosed PCa. Specifically, we aimed to
describe the distribution of tumor lesions stratified by National
Comprehensive Cancer Network (NCCN) risk groups (4) and to
evaluate interobserver variability and diagnostic performance for
preoperative N-staging in patients with unfavorable intermediate-
to very high-risk disease.

MATERIALS AND METHODS

Study Design and Patient Populations

We retrospectively extracted data from all patients included in our
institution’s database who underwent '®F-rhPSMA-7.3 PET/CT for
primary staging of PCa between November 2018 and April 2020
(staging cohort; n =279). To analyze the interobserver variability and
diagnostic efficacy of '®F-rhPSMA-7.3 PET for N-staging validated
by histopathology, we selected all patients who underwent subsequent
radical prostatectomy and extended pelvic lymph node (LN) dissection
(efficacy cohort; n = 83). Table 1 presents patient characteristics for
both groups. Figure 1 details the cohorts and outlines the clinical,
imaging, and histopathologic data that were collected.

The retrospective analysis was approved by the Ethics Committee
of the Technical University Munich (permit 99/19), and the require-
ment to obtain informed consent was waived. The administration of
18E_thPSMA-7.3 complied with the German Medicinal Products Act,
AMG §13 2b, and the responsible regulatory body (Government of
Oberbayern).

18F_rhPSMA-7.3 Synthesis, Administration, and Image
Acquisition

8F_thPSMA-7.3 was synthesized as recently reported (/2) and
administered as an intravenous bolus (median, 335 MBgq; range,
301-372 MBq) a median of 72 min (range, 65-80 min) before the
scan. Patients underwent 'F-rhPSMA-7.3 PET/CT on a Biograph
mCT Flow scanner (Siemens Medical Solutions) as recently described
(13,14). All patients received a diagnostic CT scan after intravenous
contrast injection (Iomeron 300 [Bracco], weight-adapted, 1.5 mL/kg)
and oral intake of diluted contrast medium (300 mg ioxitalamate [Tel-
ebrix; Guerbet]). Furosemide (20 mg intravenously) was administered
to all patients at the time of '®F-rhPSMA-7.3 injection, and patients
were asked to void urine before the scan. PET scans were acquired in
3-dimensional mode with an acquisition time of 2 min per bed posi-
tion in flow technique (1.1 mm/s). Emission data were corrected for
randoms, dead time, scatter, and attenuation and were reconstructed
iteratively by an ordered-subsets expectation maximization algorithm
(4 iterations, 8 subsets) followed by a postreconstruction smoothing
gaussian filter (5 mm in full width at half maximum).

Image Analysis
In the staging cohort, the distribution of tumor lesions was
described using the molecular imaging TNM system from the Prostate

BE_RHPSMA-7.3 PET/CT PRIMARY STAGING

Cancer Molecular Imaging Standardized Evaluation system (/9). The
results for this cohort were taken from the clinical reads. To determine
the efficacy for pelvic N-staging, dedicated rereads of the 'SF-
rhPSMA-7.3 PET/CT datasets from the efficacy cohort were per-
formed by 3 board-certified nuclear medicine physicians (3, 6, and 9 y
of experience in PSMA-ligand PET). The readers did not know the
histopathology results. In a first step, the anatomic data using the diag-
nostic contrast-enhanced CT dataset were analyzed by the readers.
Next, after at least 4 wk, a second read of the corresponding 'SF-
rhPSMA-7.3 scan was performed using anatomic images only to cor-
relate an area of suggestive uptake to the corresponding LN template.
Findings for both reads were reported on a template level using a
5-point Likert scale (1, tumor manifestation; 2, probably tumor mani-
festation, 3, equivocal, 4, probably benign, 5, benign).

To determine the contrast between local primary-tumor uptake and
bladder retention of 'SF-rhPSMA-7.3, SUV,ncan for '8F-rhPSMA-7.3
was determined within standardized isocontour volumes of interest
with 40% of the SUV ., drawn over the bladder and the primary-
tumor lesion.

Histopathology

Extended pelvic lymphadenectomy was performed as previously
described (20,21) to collect right/left common iliac vessel, right/left
internal iliac vessel, right/left external iliac vessel, and right/left obtu-
rator fossa standard LN templates. Further templates (e.g., presacral/
pararectal) were resected if the 'F-rhPSMA-7.3 PET had shown posi-
tive LNs outside these regions. The uropathologists did not know the
imaging data.

Statistical Analysis

For quantitative measurements, mean values and SDs are presented.
18F_rhPSMA-7.3 PET and morphologic imaging results were com-
pared with histopathologic results from resected LNs on a patient,
right-vs.-left, and template basis. Overall diagnostic accuracy was
assessed using receiver-operating-characteristic (ROC) analyses. Areas
under the ROC curves, with 95% CIs, were compared for both 18E.
rhPSMA-7.3 PET and morphologic imaging. For the patient-based
analysis, the method by DeLong et al. (22) for 2 correlated ROC
curves was used, and that by Obuchowski (23) was used for right-vs.-
left-based and template-based analyses to account for the multiple
assessments within a patient.

A dichotomization of the 5-point Likert scale ratings was performed
for analysis of the sensitivity, specificity, and accuracy of the 'SF-
rhPSMA-7.3 PET and morphologic imaging. To reflect a real-world
approach, equivocal findings were counted as positive. To estimate
cumulative diagnostic results from all 3 readers, a majority vote was
used. The results from all 3 readers dichotomized into negative and
positive assessments were compared, and in cases of any disagree-
ment, the final assessment was based on the majority decision (i.e., a
2:1 decision).

For the patient-level analyses, exact Cls were estimated for these
measures. For the right-vs.-left-based and template-based analyses,
logistic generalized estimating equation models were fitted to the data
to account for the correlation of multiple observations within the same
patient (24,25). For the generalized estimating equation model, an
independent correlation structure was assumed. To investigate a corre-
lation between NCCN risk groups and frequency of extraprostatic
lesions, a x* test was used. A significance level of 5% was used
throughout. All statistical analyses were performed using the statistical
software R (26), with pROC (27) and geepack (28).

Interobserver agreement was evaluated using Fleiss multiple-rater k
(29) on a patient, right-vs.-left, and template basis, with 95% ClIs
reported. Interpretation of k was based on a reproducibility classifica-
tion provided by Landis and Koch (30). Significant differences between
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TABLE 1
Characteristics of Staging and Efficacy Cohorts

Characteristic Staging cohort Efficacy cohort
Patients 279 (100%) 83 (29.7%)
Age (y)

Median 70 66

Interquartile range 63-76 62-74
Prostate-specific antigen (ng/mL)*"

Median 13.0 11

Interquartile range 7.2-26.9 7.0-17.8
ISUP grading®

1 0 (0%)

2 46 (16.5%) 15 (18.1%)

3 61 (21.9%) 25 (30.1%)

4 65 (23.3%) 23 (27.7%)

5 85 (30.5%) 19 (22.9%)
Neoadjuvant treatment before PET/CT 16 (5.7%) 0 (0%)
NCCN risk group

Very low 1(0.4%) 0 (0.0%)

Low 7 (2.5%) 0 (0.0%)

Favorable intermediate 18 (6.5%) 0 (0.0%)

Unfavorable intermediate 74 (26.5%) 36 (43.4%)

High 107 (38.4%) 32 (38.6%)

Very high 72 (25.8%) 15 (18.1%)
Time between PET/CT and surgery (d)

Median 29

Interquartile range 15-46
Pathologic T-stage

=pT2c 28 (33.7%)

pT3a 18 (21.7%)

=pT3b 37 (44.6%)
Pathologic N-stage

pNO 59 (71.1%)

pN1 24 (28.9%)
Size of largest LN metastasis per patient (mm)

Median 8

Range 1.5-55

ISUP = International Society of Urological Pathology.

*At time of imaging.

TUnavailable for 2 patients of staging cohort.

SUnavailable for 9 patients in staging cohort and for 1 patient in efficacy cohort.
Qualitative data are number and percentage.

methods were considered present when the 95% CI were not LN metastases in 46 of 279 (16.5%), for bone metastases in 65 of
overlapping. 279 (23.3%), and for visceral metastases in 5 of 279 (1.8%). On a
patient level, 156 patients had only disease limited to the prostate
(NOMO), and 42 patients had locoregional LN metastases but no
Distribution of Tumor Lesions on 8 F-rhPSMA-7.3 PET distant metastases (N1MO). In 15 patients, extrapelvic LN metasta-

For the staging cohort based on clinical reads, '8F-rhPSMA-7.3  ses but no other distant metastases were present (NxM1a), and 15
PET was positive for local disease in 275 of 279 patients (98.6%), patients presented with local tumor and only bone metastases
for pelvic LN metastases in 106 of 279 (38.0%), for extrapelvic =~ (NOMI1b). The distribution of extrapelvic lesions stratified by

RESULTS
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All patients who underwent
18F-rhPSMA-7.3 PET/CT for primary

Diagnostic Accuracy of '®F-rhPSMA-7.3
PET and Morphologic Imaging for Pelvic

staging between Nov 2018 and April
2020 ‘L

1 LN Metastases

Clinical data (iPSA, pre-scan PSA level,

n =279 (Staging Cohort]
(Staging ) GS/ISUP)

Staging group (descriptive
analysis of tumor distribution)

In the efficacy cohort, LN metastases

Patient received definitive radiotherapy
n=21

Patient received neoadjuvant treatment
n=16

Patient did not undergo radical
prostatectomy & pLND at our institution
n=159

—

Patients who received radical
prostatectomy & pLND at our institution

were present in 48 of 420 (11%) resected
templates, in 33 of 166 (20%) hemipelvic
templates, and in 24 of 83 patients (29%).
In total, 1,763 nodes were removed, with a
median of 20 (interquartile range, 15-27)
per patient. A patient example is presented
in Figure 3.

On patient-level-based majority reads,
18F_thPSMA-7.3 PET was read to be posi-
tive in 18 of 83 patients, resulting in 16 true-

2

J positive and 2 false-positive cases. It was

n = 83 (Efficacy Cohort) - -
| Histopathological report

SUVmax/SUVmean primary

oo read to be negative in 65 patients, including

CT and PET images read by 3 blinded
readers

5-point scale rating of pelvic LN

Interobserver agreement |

Comparison to histopathology as diagnostic gold standard to determine efficacy
(sensitivity/specificity, accuracy) for N-staging by majority vote

8 false-negative and 57 true-negative cases.
The result was a patient-level sensitivity,
specificity, and accuracy for pelvic nodal
metastases of 66.7% (95% CI, 44.7%—
83.6%), 96.6% (95% CI, 87.3%-99.4%),

FIGURE 1.

dissection; PSA = prostate-specific antigen.

NCCN risk group is presented in Figure 2. The patient-based pat-
tern of lesion distribution is presented in Supplemental Table 1. A
moderate but highly significant correlation between risk groups
and the frequency of extraprostatic lesions was found, with an
increasing prevalence in higher-risk groups (Pearson x> test for
miNl: x2=65.6, P<0.001, ¢=0.485; for miM1: x2=314,
P<0.001, ¢ =0.335).

On the basis of clinical reads in the efficacy cohort, '®F-
rhPSMA-7.3 PET was positive in 82 of 83 (98.8%) and 20 of 83
(24.1%) subjects for local and pelvic nodal disease (N1MO),
respectively. One and 6 patients underwent primary surgery, with
distant metastases being either only extrapelvic nodal (Mla) or
only metastatic bone disease (M1b), respectively. Postoperative
histopathology showed LN metastases in 24 of 83 patients; the
median size of the largest LN metastasis per patient was 8§ mm
(range, 1.5-55 mm).

Flowchart of patient selection and data analysis. GS = Gleason score; iPSA = initial
prostate-specific antigen; ISUP = International Society of Urological Pathology; pLND = pelvic LN

and 88.0% (95% CI, 78.5%-93.8%), re-
spectively. Morphologic imaging was read
to be positive in 14 of 83 patients, resulting
in 9 true-positive and 5 false-positive cases.
It was read to be negative in 69 patients,
including 15 false-negative and 54 true-negative cases. The corre-
sponding patient-level sensitivity, specificity, and accuracy were
37.5% (95% CI, 19.6%-59.2%), 91.5% (95% CI, 80.6%-96.8%),
and 75.9% (95% CI, 65.0%—-84.3%), respectively.

On hemipelvic-based majority reads, '*F-rhPSMA-7.3 PET was
read to be positive in 25 of 166 assessments, resulting in 23 true-
positive and 2 false-positive assessments. It was read to be neg-
ative in 141 assessments, including 10 false-negative and 131
true-negative assessments. The result was a sensitivity, specificity,
and accuracy for pelvic nodal metastases of 69.7% (95% CI,
50.0%—84.1%), 98.5% (95% CI, 94.3%-99.6%), and 92.8% (95%
Cl, 87.4%-96.0%), respectively. Morphologic imaging was read
to be positive in 15 of 166 assessments, resulting in 9 true-positive
and 6 false-positive assessments. It was read to be negative in 151
assessments, including 24 false-negative and 127 true-negative as-
sessments. The corresponding sensitivity, specificity, and accuracy
were 27.3% (95% CI, 16.5%41.6%), 95.5%
(95% CI, 89.3%-98.2%), and 81.9% (95%

LN pelvic (N1)

LN extrapelvic (M1a)

NCCN risk group N

Very low 1 0 00% 0 0.0% 0 0.0%

Low 7 0 00% 0] 0.0% 1 14.3%
Favorable intermediate 18 3 mmm 16.7% 2\ mm 11.1% 2 11.1%
Unfavorable intermediate 74 15 memmm 20.3% 5 m68% 12 16.2%
High 107 33w 30.8% 18 mm 12.1% 21 19.6°
Very high 72 55 76.4% 28 36.1% 29

CIL, 74.9%—-87.3%), respectively.

On template-based majority reads, '®F-
rhPSMA-7.3 PET had a sensitivity, specific-
ity, and accuracy for pelvic nodal metastases
of 70.8% (95% CI, 55.6%—82.5%), 98.3%
= (95% CI, 96.6%-99.2%), and 95.5%
(95% CI, 93.1%-97.1%), respectively. Mor-
phologic imaging showed a template-level
sensitivity, specificity, and accuracy of 12.5%
(95% CI, 6.0%-24.3%), 98.3% (95% CI,
96.6%-99.2%), and 89.5% (95% CI, 83.9%—

Visceral (M1c)

0 oo 93.4%), respectively. Detailed results for indi-

— vidual readers are provided in Table 2.

9 oo% The ROC analysis showed a higher di-
o o agnostic performance for '*F-thPSMA-7.3

FIGURE 2. Distribution of extraprostatic tumor lesions in staging cohort (n = 279)
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than for morphologic imaging for all 3 read-
ers on both a patient basis and a hemipelvic
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challenging given the presence of LN metas-
tases in morphologically nonenlarged LNs
(31). Therefore, detection efficacy is low and
based mainly on size, with known limitations,
especially for LNs under 8 mm (32,33).

The clinical introduction of PSMA-
targeting PET tracers offers a high potential
to increase detection of LN metastases, and
several studies have shown promising results
with %®Ga-labeled compounds (34,35). A
prospective, multicenter study compared the
accuracy of ®Ga-PSMA-11 PET/CT and

FIGURE 3. A 72-y-old patient with high-risk PCa (iPSA, 44 ng/mL) who underwent '®F-rhPSMA-7.3
PET/CT illustrating primary tumor (blue arrow) and pelvic LN metastases (red arrows) histologically
confirmed by radical prostatectomy (pT3b pN1 [2/34]; Gleason score, 3 + 4 = 7b): maximum-inten-

sity projection (A); PET (B and D); fused PET/CT (C and E).

basis. On the patient-level analysis, the differences in the areas
under the ROC curves were statistically significant for readers 1
and 2 on a patient basis and for all readers on a hemipelvic and
template basis (Table 3).

Interobserver Agreement for Pelvic N-Staging

Interobserver agreement was significantly higher for '®F-rhPSMA-
7.3 PET than for morphologic imaging for assessment on a patient
basis, on a hemipelvic basis, and per LN template. The patient-level
interobserver agreement was moderate (Fleiss k = 0.54; 95% CI,
0.47-0.62) for '8F-thPSMA-7.3 PET versus fair (Fleiss k = 0.24;
95% CI, 0.17-0.31) for morphologic imaging. Similarly, interob-
server agreement was moderate for left-sided nodes (Fleiss k = 0.58;
95% CI, 0.50-0.66) and right-sided nodes (Fleiss k = 0.57; 95% CI,
0.49-0.65) in '8F-rhPSMA-7.3 PET but was only fair for left-sided
nodes (left: Fleiss k =020 [95% CI, 0.12-0.27]; right: Fleiss
k = 0.24 [95% ClI, 0.17-0.32]) in morphologic imaging. Supplemen-
tal Figure 1 displays the interobserver agreements and data for tem-
plate-based assessments.

Uptake in Primary Tumor and Tracer Retention in
Urinary Tract

18F_.thPSMA-7.3 uptake in the prostate was present in 82 of 83
patients who underwent surgery, with a mean SUV ., of 13.0
(range, 2.0-54.4). Retention in the urinary bladder at the time of
imaging was rather low, with a mean SUV ,, of 2.5 (range,
0.9-18.5). Consequently, tumor-to-bladder contrast was high, with
a mean ratio of 6.6 (range, 0.8-40.1) for SUV ... Data are pre-
sented in Table 4 and Supplemental Figure 2.

DISCUSSION

Here, we present a retrospective analysis on the use of 'SF-
rthPSMA-7.3 PET/CT for primary staging of newly diagnosed
PCa. The distribution of pelvic LN metastases and extrapelvic
tumor lesions in this cohort was clearly associated with NCCN
risk groups. In a subset of patients, we determined a high diagnos-
tic performance of '8F-rhPSMA-7.3 PET for N-staging of patients
with unfavorable intermediate- to very high-risk PCa, validated by
histopathology. Interobserver agreement of '®F-rhPSMA-7.3 PET
for N-staging among 3 independent readers showed sufficient
consistency.

Currently, the standard of care for N-staging PCa relies on cross-
sectional imaging and bone scintigraphy mainly in high-risk
PCa (4). The reliable detection of LN metastases is especially

1338

conventional imaging with CT and bone
scanning for primary staging of pelvic LN
metastases and distant metastases (2). The
accuracy of ®Ga-PSMA-11 PET/CT was
superior to that of conventional imaging
(92% vs. 65%), and only 15% of patients had a change of clinical
management after conventional imaging, compared with 28% after
%8Ga-PSMA-11 PET/CT. However, the study lacked histopathologic
validation of LN involvement in a substantial number of patients
(only 83/302 patients underwent pelvic LN sampling). Maurer et al.
conducted an early retrospective study of **Ga-PSMA-11 PET for
LN staging in 130 patients with intermediate- to high-risk PCa and
reported a 65.9% and 68.3% sensitivity, and a 98.9% and 99.1% spe-
cificity, on patient- and template-based analyses, respectively (36).

Similar specificity but lower sensitivity was reported by Klin-
genberg et al. in a larger retrospective investigation of newly diag-
nosed patients with high-risk PCa (37). For *®Ga-PSMA-11, they
reported a sensitivity, specificity, and accuracy of 30.6%, 96.5%,
and 83.1%, respectively. For ®®Ga-PSMA-I&T in 40 patients with
intermediate- or high-risk disease, Cytawa et al. found a per-region
sensitivity, specificity, and accuracy of 35.0%, 98.4%, and 93.0%,
respectively, for nodal metastasis detection (38).

Data for the recently approved '®F-DCFPyL from the OSPREY
trial, which investigated the detection performance for pelvic LN
metastases in men with high-risk PCa, showed a specificity rang-
ing from 96% to 99% across 3 readers, whereas sensitivity ranged
from 31% to 42% (/7). Similar to data reported for all other
PSMA ligands, the specificity of '*F-rhPSMA-7.3 for pelvic LN
metastases is high.

The sensitivity of '*F-rhPSMA-7.3 in this study (e.g., 66.7% on
a patient level) appears substantially higher than that indicated by
the above-mentioned data for ®®Ga-PSMA or '8F-DCFPyL. A pos-
sible reason might be the nodal lesion size. In the efficacy cohort
of our study, the median size of the largest LN metastasis per
patient was 8 mm. Hope et al. demonstrated a higher sensitivity of
%8Ga-PSMA-11 PET in larger pelvic LN metastasis (>10 mm)
(3). Comparable findings were shown by the OSPREY trial, where
the sensitivity of 'SF-DCFPyL was clearly dependent on lesion
size. Exclusion of lesions smaller than 5 mm resulted in a sensitiv-
ity of 60.0% (/7). Potential other factors might also include scan-
ner technique and reader experience.

Our retrospective analysis of the novel PSMA ligand '8F-
rhPSMA-7.3 confirms superiority of PSMA-targeted molecular
imaging over conventional imaging for N-staging in patients with
intermediate- to very high-risk primary PCa. '8F-thPSMA-7.3
achieved an overall accuracy of 88.0%, 92.8%, and 95.5% for the
patient-level, hemipelvic-level, and template analyses, respectively,
compared with 75.9%, 81.9%, and 89.5%, respectively, for conven-
tional imaging.
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TABLE 3
Delong Test for Correlated ROC

AUC

Basis Reader 8F_rhPSMA-7.3 PET/CT Morphologic imaging P

Patient 1 0.821 (0.716-0.926) 0.724 (0.606-0.843) 0.09774
2 0.850 (0.738-0.963) 0.672 (0.526-0.817) 0.01226
3 0.829 (0.720-0.939) 0.779 (0.662-0.896) 0.2785

Right vs. left 1 0.841 (0.745-0.938) 0.699 (0.597-0.800) 0.01195
2 0.853 (0.762-0.944) 0.657 (0.557-0.757) 0.00041
3 0.817 (0.708-0.925) 0.699 (0.602-0.795) 0.02655

Template 1 0.796 (0.726-0.865) 0.645 (0.579-0.712) 6.879¢%°
2 0.822 (0.759-0.885) 0.652 (0.568-0.736) 0.00045
3 0.847 (0.772-0.922) 0.630 (0.551-0.710) 1.062e %7

AUC = area under ROC curve.
Data in parentheses are 95% CI.

As expected in clinical routine, we observed a clear tendency
toward more frequent pelvic and extrapelvic tumor lesions with
increasing NCCN group. Comparable findings have been described
for the correlation of increasing prostate-specific antigen (PSA) val-
ues and the occurrence of bone metastases on bone scintigraphy for
PCa staging (39). For example, the prevalence of bone metastases
was only 2.3% at a PSA of less than 10 ng/mL, 6% at a PSA of
more than 10 but less than 19.9 ng/mL, and 74.9% at a PSA of
more than 100 ng/mL. For PSMA-ligand PET, the mentioned asso-
ciation should be considered crucial, especially in the context of pri-
mary N-staging, as nodal involvement in particular can be detected
much earlier now, with a high potential to impact clinical
management.

18F_thPSMA-7.3 is a single diastereoisomer of '*F-rhPSMA-7,
for which diagnostic accuracy has been well reported. Kroenke et al.
reported the patient-level sensitivity, specificity, and accuracy of
18F_thPSMA-7 PET to be 72.2%, 92.5%, and 86.2%, respectively
(14), which are comparable to the data in the present study.
This finding supports earlier data that indicate '*F-rhPSMA-7 and
18F_thPSMA-7.3 to have similar diagnostic performance for re-
staging patients with biochemical recurrence after radical prostatec-
tomy (13,18).

A particular strength of our retrospective analysis was the evalu-
ation of imaging data by 3 independent readers, allowing us to
conduct an interobserver comparison to determine the reproduc-
ibility of interpretation of '8F-rhPSMA-7.3 PET compared with
morphologic imaging. The data show that the variability between

8F_thPSMA-7.3 PET readings is lower than for CT and thus sug-
gests a more consistent, reader-independent diagnostic perfor-
mance. Similar high interobserver agreement has been reported for
%3Ga-PSMA-11 (40).

A well-documented limitation of PSMA-targeting radiotracers
such as %8Ga-PSMA-11 and '8F-DCFPyL is high retention in the
urinary system and especially high accumulation in the bladder
(7,8). For thPSMA ligands, low retention in the urinary bladder
has been reported (4/). Our analyses for '8F-rhPSMA-7.3 also
revealed low urinary retention and high uptake of tumor lesions,
resulting in a favorable tumor-to-bladder ratio (mean, 6.6). This
could potentially increase the detection of local tumor deposits,
especially in the prostate base.

Our analysis has several limitations. First, it was conducted retro-
spectively on a limited number of patients. This approach could—
especially for the efficacy cohort—lead to a selection bias given
that the cohort of patients who underwent surgery was dependent
on clinical parameters, imaging results, and the patient’s general
health and preference. Second, the template-based analysis was lim-
ited in that the mapping between a certain LN territory in images
and the surgical field is prone to errors. Third, histopathologic as-
sessment of distant metastases was not available for most patients.
18F_labeled PSMA ligands such as '®F-rhPSMA-7 and '8F-PSMA-
1007 have been reported to exhibit a higher number of non—PCa-
related uptake than %®Ga-PSMA-11 (42—45). However, adequate
reader training, interpretation in consensus with cross-sectional
imaging, and the clinical context allow differentiation between

TABLE 4
18F-rhPSMA-7.3 SUVnax and SUV nean for Primary Tumors and Urinary Bladder

Primary tumor (n = 82) Urinary bladder (n = 82) Primary tumor/urinary bladder (n = 82)
Parameter SUVax SUVmean SUVmax SUVimean SUVhax ratio SUVnean ratio
Mean 22.4 13.0 4.3 25 6.6 6.6
95% ClI 18.3-26.4 10.5-15.65 3.5-5.1 2.0-3.0 5.2-8.0 5.2-8.1
Range 3.6-86.9 2.0-54.4 1.6-31.4 0.9-18.5 0.8-34.2 0.8-40.1
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benign uptake and disease. Fourth, our patient cohort was not exclu-
sively patients with unfavorable intermediate- to high-risk disease.
Given the local preference and, rarely, strong patient request, a few
patients in lower NCCN groups underwent '8F-rhPSMA-7.3 for
N-staging—typical of a real-world setting.

CONCLUSION

The present study provided real-world clinical evidence that
18F_rhPSMA-7.3 has moderate-to-high sensitivity and specificity
for the detection of LN metastases in patients with intermediate- to
very high-risk PCa. The data further showed that !3F-rhPSMA-7.3
is a more reliable tool than morphologic imaging, with lower vari-
ability in image interpretation. A distinct association of nodal and
extrapelvic tumor involvement with NCCN risk groups was found.
8F_rhPSMA-7.3 compares well with other PSMA ligands and
shows potential for good differentiation between primary-tumor
uptake and background bladder retention.
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KEY POINTS

QUESTION: What is the diagnostic efficacy of '®F-rhPSMA-7.3 for
N-staging of patients with intermediate- to very high-risk PCa in
the primary setting?

PERTINENT FINDINGS: Compared with morphologic imaging,
"8F_thPSMA-7.3 PET provides superior N-staging of high-risk pri-
mary PCa. The efficacy of '8F-rhPSMA-7.3 compares well with
published data for other PSMA ligands and offers a good tumor-
to-bladder uptake ratio.

IMPLICATIONS FOR PATIENT CARE: '8F-rhPSMA-7.3 PET can
significantly improve primary N-staging versus conventional
imaging.
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Changes in Management After 18F-DCFPyL PSMA PET in
Patients Undergoing Postprostatectomy Radiotherapy, with
Early Biochemical Response Outcomes
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Prostate-specific membrane antigen (PSMA) tracers have increased
sensitivity in the detection of prostate cancer, compared with conven-
tional imaging. We assessed the management impact of ®F-DCFPyL
PSMA PET/CT in patients with prostate-specific antigen (PSA) recur-
rence after radical prostatectomy (RP) and report early biochemical
response in patients who underwent radiation treatment. Methods:
One hundred patients were enrolled into a prospective study, with a
prior RP for prostate cancer, a PSA of 0.2-2.0 ng/mL, and no prior
treatment. All patients underwent diagnostic CT and PSMA PET/CT,
and management intent was completed at 3 time points (original,
post-CT, and post-PSMA) and compared. Patients who underwent
radiotherapy with 6-mo PSA response data are presented. Results:
Ninety-eight patients are reported, with a median PSA of 0.32 ng/mL
(95% Cl, 0.28-0.36), pT3a/b disease in 71.4%, and an International
Society of Urological Pathology grade group of at least 3 in 59.2%.
PSMA PET/CT detected disease in 46.9% of patients, compared with
15.5% using diagnostic CT (PSMA PET, 29.2% local recurrence and
29.6% pelvic nodal disease). A major change in management intent
was higher after PSMA than after CT (12.5% vs. 3.2%, P = 0.010), as
was a moderate change in intent (31.3% vs. 13.7%, P = 0.001). The
most common change was an increase in the recommendation for
elective pelvic radiation (from 15.6% to 33.3%), nodal boost (from
0% to 22.9%), and use of concurrent androgen deprivation therapy
(ADT) (from 22.9% to 41.7%) from original to post-PSMA intent
because of detection of nodal disease. Eighty-six patients underwent
8F_DCFPyL-guided radiotherapy. Fifty-five of 86 patients either
did not receive ADT or recovered after ADT, with an 18-mo PSA
response from 0.32 to 0.02 ng/mL; 94.5% of patients had a PSA of
no more than 0.20ng/mL, and 74.5% had a PSA of no more than
0.03ng/mL. Conclusion: '®F-DCFPyL PET/CT has a significant
impact on management intent in patients being considered for sal-
vage radiotherapy after RP with PSA recurrence. Increased detection
of disease, particularly in the pelvic lymph nodes, resulted in
increased pelvic irradiation and concurrent ADT use. Early results in
patients who are staged with '8F-DCFPyL PET/CT show a favorable
PSA response.
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Prostate-speciﬁc antigen (PSA) recurrence after radical prosta-
tectomy (RP) for prostate cancer occurs in up to 20%—-50% (1,2)
and is defined by a PSA level of more than 0.2ng/mL. Salvage
radiotherapy, most commonly to the prostate bed, results in 5-y
biochemical control of 56% (3). Failure after salvage radiotherapy
is most likely due to disease outside the prostate bed, which can
include the pelvic lymph nodes, paraaortic lymph nodes, and dis-
tant metastases.

PET using prostate-specific membrane antigen (PSMA) tracers
have increased detection of disease compared with more conven-
tional imaging with CT and bone scintigraphy. PSMA is a type II
cell-surface glycoprotein overexpressed in more than 90% of pros-
tate cancer epithelial cells (4). Various PSMA tracers are available,
including %®Ga-PSMA-11, which has the most evidence for supe-
rior sensitivity in detecting disease. Newer PSMA tracers include
I8F_labeled agents such as '®F-DCFPyL and have the advantages
of increased manufacturing capacity, improved spatial resolution,
and higher tumor-to-background ratio (5). PSMA PET/CT is now
recommended in international guidelines as a staging method for
biochemical failure when PSA is more than 0.2 ng/mL (6).

We aimed to evaluate the role of '*F-DCFPyL PET/CT in patients
being considered for salvage radiotherapy, primarily assessing the
change in management, and also reporting the early 6-mo biochemi-
cal response rate in patients who then undergo radiation therapy.

MATERIALS AND METHODS

We performed a prospective nonrandomized trial at 9 GenesisCare
sites within Victoria, Australia. Between August 2018 and July 2020,
we recruited 100 patients who had evidence of a rising PSA level of
between 0.2 and 2.0 ng/mL after RP and were referred to a radiation
oncologist for consideration of salvage radiotherapy. Exclusion criteria
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included previous pelvic radiotherapy and previous androgen depriva-
tion therapy (ADT). The protocol was approved by the St. Vincent’s
Hospital Melbourne Human Research Ethics Committee and was reg-
istered with the Australian New Zealand Clinical Trials Registry
(ACTRN12618001530213). All patients gave written informed consent.

All patients underwent diagnostic CT of the chest, abdomen, and
pelvis and PSMA PET/CT on the same day at the Department of
Nuclear Medicine of St. Vincent’s Hospital. Scans were performed on
a Discovery 710 PET/CT device (GE Healthcare) combining a 64-slice
multidetector CT scanner with a dedicated, full-ring PET scanner. For
the diagnostic CT of the chest, abdomen, and pelvis, 100 mL of intra-
venous contrast medium were administered, and patients were scanned
from the apex of the lungs to the lesser trochanters 70 s afterward. An
additional 10-min delayed pelvic CT scan was also obtained to assist
in distinguishing between the ureters and lymph nodes. For the
PSMA PET/CT scan, 250 MBq of good-manufacturing-practice—quality
BE_DCFPyL manufactured by Cyclotek Australia was injected,
followed by an uptake time of 120 min.

Imaging Acquisition and Interpretation

CT images of the chest, abdomen, and pelvis were interpreted by an
experienced genitourinary radiologist, and PSMA PET/CT images were
interpreted by 2 experienced nuclear medicine physicians. The reporting
physicians did not have access to the images or reports of the other
modality, except for the delayed pelvic CT scan to allow the nuclear
medicine physician to localize the ureters and anastomosis on the PET
images.

Both scans were reported using a standardized template that encom-
passed local, nodal, and distant disease, with each section being desig-
nated as positive, equivocal, or negative. Positive or equivocal disease
was defined as focal uptake on PSMA PET/CT that was not physio-
logic and was higher than the surrounding background. Local recur-
rence was subclassified into prostate bed (including the anastomosis)
or seminal vesicle bed (the bilateral rectovesical lateral areas on CT
where soft-tissue densities are seen and where the seminal vesicles are
usually located, with or without surgical clips). Lymph node involve-
ment on CT of the chest, abdomen, and pelvis was defined on the basis
of size and morphology and designated as positive, equivocal, or
negative.

Changes in Management

After patient registration and before imaging, the radiation oncolo-
gist was required to outline the treatment plan on a questionnaire (Sup-
plemental Table 1; supplemental materials are available at http://jnm.
snmjournals.org), specifying whether radiotherapy or the proposed
alternative management would be offered. If radiotherapy were to be
offered, target-site dose and fractions needed to be specified, as well
as whether pelvic nodal boost, stereotactic radiotherapy, and addition
of ADT would be used. This treatment plan was referred to as the
original intent, and after its completion, patients underwent diagnostic
CT of the chest, abdomen, and pelvis and PSMA PET/CT. The diag-
nostic CT results were released first, and the clinician was required to
complete a second questionnaire (post-CT intent). Then, the results of
the PSMA PET/CT scan were released and the clinician completed a
final questionnaire (post-PSMA intent). Change in management was
graded on the basis of the impact on management and was defined as
major, minor, or no change, as demonstrated in Table 1. This grading
system was based on a publication by van Leeuwen et al. and further

modified (7).

Radiotherapy and Disease Outcome

For this analysis, we assessed early biochemical response at 6 mo
after the last day of radiotherapy and performed a subgroup analysis
for patients who did not receive concurrent ADT. The radiotherapy
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TABLE 1
Impact of Changes in Management Intent

Impact Definition

None No change in management intent or plan

Moderate  Change in treatment delivery of RT but no
change in intent, including change in RT
volume, change in RT dose, change in
volume and dose (e.g., addition of elective
pelvic nodal RT and dose escalation to
involved PSMA-positive pelvic node [nodal

boost]), and addition of ADT to salvage RT

Significant change in treatment intent,
including detection of significant metastatic
disease resulting in change in palliative
intent, recommendation of no salvage RT,
or change in palliative-intent RT; detection
of oligometastatic disease resulting in
change in intent to treat oligometastases,
such as with stereotactic RT

Major

RT = radiotherapy.

protocol did not mandate the target volumes and dose prescription.
However, clinical target volume guidelines for the prostate bed (8)
and elective pelvic nodal irradiation (9) were provided; the recommen-
dation was a dose of 70.2 Gy to the prostate bed, elective nodal irradi-
ation of 56 Gy, and a nodal boost of 68 Gy in 39 fractions. Stereotactic
radiotherapy to nodes or bone was recommended in 3-5 fractions with
a dose range of 3040 Gy. Concurrent ADT, if prescribed, was recom-
mended using a luteinizing hormone—releasing agonist for 6 mo.

Statistical Methods

The McNemar exact test was used to compare changes in manage-
ment between original intent and post-CT intent versus original intent
and post-PSMA intent. The Kendall 7-b correlation was used to assess
associations of change in intent with positive versus negative scan
results (both CT and PSMA PET/CT), International Society of Uro-
logical Pathology (ISUP) grade, and pretreatment PSA. Statistical
summaries were performed for patients undergoing radiotherapy with
6-mo PSA response data available. Particularly, for patients who did
not receive ADT, we used ¢ tests, ANOVA with multiple comparisons,
and regression to compare differences and percentage changes
between PSA at the 6-mo follow-up and prescan PSA across levels of
several factors (PET scan positivity, pTN staging, ISUP grade, margin
status, biochemical recurrence vs. persistence).

RESULTS

Between August 2018 and July 2020, 100 participants were
enrolled across 9 sites by 6 radiation oncologists. Two patients
were excluded on review because their prescan PSA level was out-
side the eligibility criteria (PSA = 2.0), leaving 98 patients suit-
able for final analysis (Supplemental Fig. 1). A further 2 patients
were excluded because of incomplete management intent forms,
leaving 96 patients eligible for this analysis. Baseline characteris-
tics (Supplemental Table 2) included a median age of 68.0 y, a
median prescan PSA of 0.32ng/mL (95% CI, 0.28-0.36 ng/mL);
58.9% had an ISUP grade group of at least 3 at RP. Biochemical
recurrence occurred in 60.2% of patients, versus biochemical per-
sistence in 39.8%. Pelvic nodal sampling or dissection was per-
formed in only 32.7% of patients, with a median nodal count of 5.0
(95% CI, 4.1-7.9); 5.1% overall had pN1 disease. Histopathologic
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TABLE 2
Change in Management Intent from Original to Post-CT Versus Post-PSMA

Parameter Major change

Moderate change No change Total

Original to post-CT intent
Original to post-PSMA intent

3 (3.2%)
12 (12.5%)

13 (13.7%)
30 (31.3%)

79 (83.2%)
54 (56.3%)

95 (100.0%)
96 (100.0%)

characteristics from RP revealed extraprostatic extension in 68.4%,
seminal vesicle invasion in 24.5%, and a positive surgical margin
in 37%.

Patterns of Disease Detection on PSMA PET/CT and
Diagnostic CT of the Chest, Abdomen, and Pelvis

Overall, 46.9% (n = 46) of our cohort had positive PSMA
PET/CT results, and a further 5.1% (n = 5) had equivocal results.
The location of PSMA-avid disease is shown in Supplemental
Table 3. Local disease recurrence was identified in 28 patients
(29.2%), nodal disease in 29 patients (29.6%), and distant bony
metastases in 7 patients (7.1%). One patient was unable to undergo
the CT of the chest, abdomen, and pelvis, resulting in 97 available
for analysis. Local recurrence was diagnosed in 9 patients (5 posi-
tive, 4 equivocal), nodal disease in 11 patients (9 positive, 2 equiv-
ocal), and an equivocal distant bone metastasis in 1 patient.

Changes in Management

Changes in treatment from original intent to postscan intent
(post-CT and post-PSMA) are shown in Table 2. Overall, 43.8%
(42/96) of patients demonstrated a change in management (major
or moderate) after PSMA, versus 16.7% (16/95) after diagnostic
CT of the chest, abdomen, and pelvis. There was a 12.5% versus
3.2% major change for post-PSMA versus post-CT, the difference
being significant (P = 0.010). There were more patients with mod-
erate changes after PSMA than after CT, 31.3% versus 13.7%
(P = 0.001). Either a positive or an equivocal finding on CT or
PSMA was strongly associated with a major or moderate treatment
intent change (P < 0.001). Particularly for positive or equivocal
PSMA findings, there were major or moderate changes in 42 of
50 patients (84%), compared with no changes in 46 patients with
negative findings. Both higher PSA (P =
0.009) and higher ISUP grade (P < 0.001)

for almost all (original, n = 88; post-CT, n = 87; post-PSMA,
n = 88). The largest effect from both CT and PSMA PET was an
increased recommendation for elective pelvic radiotherapy, nodal
boost, or concurrent ADT. Elective nodal irradiation increased to
20% (19/95) after CT and 33.3% (32/96) after PSMA, compared
with 15 of 96 (15.6%) originally. Nodal boost was offered in more
patients after PSMA, at 22.9% (22/96), versus 7.4% (7/95) after
CT. Concurrent ADT use increased from 22.9% (22/96) originally
to 24.2% (23/95) after CT and 41.7% (40/96) after PSMA. No ste-
reotactic radiotherapy was recommended at original intent, with
only small numbers of patients receiving a recommendation for
stereotactic nodal irradiation (post-CT, n = 1; post-PSMA, n = 1)
or stereotactic irradiation to bony metastases (post-CT, n = 1; post-
PSMA, n = 4). There was only 1 patient with a change in dose (not
fractions), with dose escalation of prostate bed PSMA-avid local
recurrence (from 70.2 to 75.6 Gy).

Individual Changes in Management from Original Intent to
Post-PSMA Intent. Figure 2 depicts the change in management
flow for each patient between original intent and the post-PSMA
scan. For most patients (61/96), prostate bed radiotherapy alone
and after PSMA was originally recommended; 41 remained with
the same recommendation (no change). In 19 patients, a change in
radiotherapy treatment volume was recommended (moderate change);
in 1 patient, a change to no radiotherapy was recommended (major
change); and in 1 patient, additional stereotactic radiotherapy was rec-
ommended (major change). In the remaining 27 of 96 patients, the
original intent was a recommendation for prostate bed radiotherapy,
with ADT in 22 patients and elective pelvic radiotherapy in 15
patients. After PSMA, there were some changes in these 27 patients,
with no consistent dominant change.

were associated with higher likelihood of
major or moderate changes in management
after PSMA (Supplemental Fig. 2). Positive
nodal disease findings on PSMA (nodal only
or in combination) always resulted in a
change in management (moderate or major)
(Supplemental Table 4).

Changes in Management: Original Ver-
sus Post-CT Versus Post-PSMA. Changes
in management after CT and PSMA are
shown in Figure 1 and Supplemental Table
5. The original treatment intent was cura-
tive for most patients (94/96), with a mini-
mal change after CT (92/95) and PSMA
(92/95). The number of patients for whom
radiotherapy was recommended was simi-
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FIGURE 1.
RT = radiotherapy.
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Original intent

PB (n =61, 64%)

PB+ADT (n = 12, 12%)

PB+Pel+ADT (n = 10, 10%)

PB+Pel (n =5, 5%)

No RT (n = 8, 8%) i:

Post-PSMA intent

PB (n = 41, 43%)

PB+ADT (n =12, 12%)

PB+Pel+ADT (n = 5, 5%)

PB+Pel (n = 4, 4%)

PB+Pel+B+ADT (n = 20, 21%)

PB+Pel+B (n =1, 1%)

= Pel+B+ADT (n =1, 1%)

PB+Pel+ADT+S (n = 1, 1%)

. PB+ADT#S (n=1, 1%)

PB+S (n=1,1%)
S(n=1,1%)

We previously reported patterns of disease
detection and the safety of 'SF-DCFPyL
PET/CT in our cohort (/6) and provided a
nomogram to predict a positive scan result.
The improved detection of pelvic nodal
disease was responsible for the moderate
management change (31.3%) in our study,
doubling the recommendation for pelvic
nodal irradiation, nodal boost, and concur-
rent ADT with prostate bed radiotherapy.
Many studies have shown that PSMA scans
have improved the detection of disease after
RP outside the prostate bed (10,11,17-19)
which is not encompassed by standard sal-
vage prostate bed radiotherapy volumes.

Major changes were small and occurred

No RT (1 =8, 8%)

in only 12.5% (12/96) of patients after

FIGURE 2. Sankey diagram demonstrating specific change in management per patient from original
intent to post-PSMA scan, particularly for radiation target volumes. B = boost to node; PB = prostate
bed; Pel = elective pelvic radiation; RT = radiotherapy; S = stereotactic radiotherapy.

Twelve patients had a major change in management after
PSMA. Four of 8 changed from active surveillance originally to
radiotherapy after PSMA. Four of 88 (4.5%) changed from radio-
therapy originally to no radiotherapy after PSMA (ADT alone,
n = 1; ADT plus chemotherapy, n = 2; surveillance, n = 1). Four
of 88 patients received a recommendation that stereotactic radio-
therapy be added to nodal or bone metastases.

Biochemical Response in Patients Undergoing Salvage
Radiotherapy

In total, 86 patients received radiotherapy. Most received pros-
tate bed radiotherapy only (50/86), and ADT was prescribed in 33
patients (6-mo duration) (Table 3). The median pretreatment PSA
was 0.32ng/mL (range, 0.20-1.84ng/mL), and 59 patients had
18-mo posttreatment PSA response data with a median PSA of
0.02 ng/mL (range, 0.01-0.29 ng/mL).

Of the 59 patients with 18-mo follow-up data, 55 either had not
received concurrent ADT or had ADT recovery. At the 18-mo fol-
low-up, 52 of 54 (92.5%) had a PSA of no more than 0.20 ng/mL
and 41 of 54 (74.5%) had an undetectable PSA (=0.03), with no
difference between a positive and negative PSMA scan.

DISCUSSION

Our prospective study showed that just under 50% of patients
for whom salvage radiotherapy is planned because of PSA recur-
rence after RP have a change in management when undergoing
8F_DCFPyL PET/CT. The change in management was more than
double that with diagnostic CT. There have been various studies
demonstrating significant changes in management using **Ga-
PSMA-11 (10-12) and '®F-DCFPyL (/3-15) in PET imaging for
prostate cancer. Many of these studies were limited in that they
enrolled heterogenous groups of patients, such as patients for
whom PET was used for staging or for PSA failure; patients for
whom prior treatment included surgery, radiotherapy, and ADT;
and patients with a high prescan PSA. We postulate that the
slightly lower management changes in our study are due to lower
detection rates and a homogeneous post-RP cohort without prior
treatment, with a lower pretreatment PSA (mean, 0.32 ng/mL), and
with lower proportion of higher-grade disease (ISUP = 4 was
<20%).
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I8F_DCFPyL PET/CT. These were patients
for whom radiotherapy was not recom-
mended because of detection of metastatic
disease, patients for whom surveillance was
changed to treatment, and patients for whom stereotactic radiother-
apy was added (node or bone). Improved detection of distant metas-
tasis in the PSA recurrence setting can avoid radiotherapy toxicity
and costs by omitting futile prostate bed radiotherapy, and the use

TABLE 3
Radiotherapy Treatment Volumes and Dose and
Fractionations Delivered

All patients No ADT
Parameter (n = 86) (n = 53)
PB alone 50 41
PB + elective pelvic RT 13
PB + elective pelvic 18 5
RT + nodal boost
Stereotactic 5 3
RT = pelvis RT
PB

Median dose (Gy)
Median fraction

70.2 (68.0-75.6)
39 (34-42)

Elective pelvic
Median dose (Gy)
Median fraction

Nodal boost
Median dose (Gy)
Median fraction

56.0 (54.0-56.0)
39 (34-39)

68.0 (64.0-70.2)
39 (39-39)

Stereotactic nodal
Median dose (Gy)
Median fraction

30.0 (30.0-30.0)
3 (3-5)

Stereotactic bone
Median dose (Gy)
Median fraction

27.0 (25.0-30.0)
5 (3-5)

PB = prostate bed; RT = radiotherapy.
Data in parentheses are range.
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of targeted radiotherapy to oligometastatic disease can improve
progression-free survival (20) or delay the use of ADT (21). It
important to recognize that there was no change in management in
56.3% of patients using '*F-DCFPyL PET/CT—a choice that was
driven by a negative scan. The rate of positive versus negative
scans in our study is similar to that of other studies in the post-RP
PSA recurrence setting using %*Ga-PSMA-11 (22-24) and '8F-
DCFPyL (15,25-29). The high negative scan rate raises questions
regarding the additional role of elective nodal radiotherapy to pros-
tate bed radiation, with trials supporting improved biochemical
control (30,31).

With the impact on management change by '*F-DCFPyL staging,
we have shown an early favorable PSA response in patients who
then underwent radiotherapy. Of patients who had 18-mo response
data available, who did not receive ADT, or who had ADT recovery,
92.5% had a PSA of less than 0.20 ng/mL and 74.5% had an unde-
tectable PSA, with no difference in patients with a positive or negative
scan. Previous studies have shown that using *Ga-PSMA-11-guided
salvage radiotherapy has favorable disease outcomes with similar
follow-up (32,33). These studies, including ours, have shown that a
negative PSMA scan is not associated with inferior response or out-
comes, and we recommend salvage radiotherapy in patients with a
negative PSMA scan. A recent randomized trial by Jani et al.
showed that '8F-fluciclovine PET/CT-staged patients undergoing
salvage radiotherapy have improved 3-y event survival compared
with patients who were conventionally staged (34), and we await
the results of a similar trial using '3F-DCFPyL (35).

Strengths of our study include the prospective design, with con-
trolled high-compliance stepwise assessment of management intent
change. Our eligibility criteria reflect a common scenario facing
patients and clinicians with a rising PSA after RP: having had no
prior therapy, with a PSA entry criterion of 0.2-2.0ng/mL. Our
study is relevant given that recent guidelines and trials support early
referral for radiotherapy when PSA is more than 0.1-0.2ng/mL
(36-38). The limitations of our study include the lack of histopatho-
logic or radiologic confirmation of disease, the fact that management
change could vary at different institutions, and the limited follow-up.
We will follow up patients until 3 y after radiotherapy to validate
18F-DCFPyL-staged radiotherapy. Another limitation is that our
analysis of '8F-DCFPyL PET/CT scans did not use newer guide-
lines (PROMISE, PSMA-RADS, E-PSMA), which were not avail-
able at the time of protocol development; we will incorporate these
in future trials.

CONCLUSION

8F_DCFPyL PET/CT has a significant impact on patients being
considered for salvage radiotherapy. With improved detection of
local recurrence and nodal disease, '*F-DCFPyL PET/CT improves
confidence when irradiating the prostate bed and results in increased
use of pelvic nodal irradiation. We recommend that PSMA PET/CT
be considered for all patients for whom salvage radiotherapy is being
considered after RP and for whom PSA is more than 0.2 ng/mL. Early
results for '8F-DCFPyL-staged patients receiving radiotherapy show
a favorable PSA response rate, but longer-term follow-up is needed.
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KEY POINTS

QUESTION: How does improved detection of disease by
8F_DCFPyL PSMA PET change management in prostate cancer
patients being considered for salvage radiotherapy because of
PSA recurrence after prostatectomy?

PERTINENT FINDINGS: '®F-DCFPyL PSMA PET detected dis-
ease in 46.9% of patients, resulting in a major change in manage-
ment in 12.5% and a moderate change in 31.3%; the greatest
change was the increase in pelvic nodal irradiation.

IMPLICATIONS FOR PATIENT CARE: Increased detection of
disease by PSMA PET allows better selection of patients for sal-
vage radiotherapy, as well as selection of appropriate radiation
fields for a favorable treatment response in patients who received
PSMA-guided radiotherapy.
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Cerenkov luminescence imaging (CLI) was successfully implemented
in the intraoperative context as a form of radioguided cancer surgery,
showing promise in the detection of surgical margins during robot-
assisted radical prostatectomy. The present study was designed to
provide a quantitative description of the occupational radiation expo-
sure of surgery and histopathology personnel from CLI-guided robot-
assisted radical prostatectomy after the injection of ®Ga-PSMA-11 in
a single-injection PET/CT CLI protocol. Methods: Ten patients with
preoperative ®Ga-PSMA-11 administration and intraoperative CLI
were included. Patient dose rate was measured before PET/CT
(n=10) and after PET/CT (n=5) at a 1-m distance for 4 patient
regions (head [A], right side [B], left side [C], and feet [D]). Electronic
personal dosimetry (EPD) was used for intraoperative occupational
exposure (n = 10). Measurements included the first surgical assistant
and scrub nurse at the operating table and the CLI imager/surgeon at
the robotic console and encompassed the whole duration of surgery
and CLI image acquisition. An estimation of the exposure of histopa-
thology personnel was performed by measuring prostate specimens
(n = 8) with a germanium detector. Results: The measured dose rate
value before PET/CT was 5.3 = 0.9 (average * SD) wSv/h. This value
corresponds to a patient-specific dose rate constant for positions
B and C of 0.047 nSv/h-MBq. The average dose rate value after PET/
CT was 1.04 = 1.00 nSv/h. The patient-specific dose rate constant
values corresponding to regions A to D were 0.011, 0.026, 0.024, and
0.003 pSv/h-MBq, respectively. EPD readings revealed average
personal equivalent doses of 9.0 = 7.1, 3.3 £ 3.9, and 0.7 = 0.7 nSv
for the first surgical assistant, scrub nurse, and CLI imager/surgeon,
respectively. The median germanium detector-measured activity
of the prostate specimen was 2.96 kBq (interquartile range, 2.23-
7.65 kBq). Conclusion: Single-injection ®8Ga-PSMA-11 PET/CT CLI
procedures are associated with a reasonable occupational exposure
level, if kept under 110 procedures per year. Excised prostate speci-
men radionuclide content was below the exemption level for ®8Ga.
Dose rate-based calculations provide a robust estimation for EPD
measurements.

Key Words: Cerenkov luminescence imaging; radioguided surgery;
prostate cancer; margin assessment; radical prostatectomy
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In men with local prostate cancer (PC), surgery or radiotherapy
is the treatment modality of choice. Radical prostatectomy (RP)
with complete removal of the prostate and the PC aims to cure the
patient; however, collateral damage, such as impotence and inconti-
nence, may occur. These problems greatly impair the quality of life,
so that in the context of RP, the anatomic structures for continence
and potency should be spared as much as possible (/). In this
regard, positive resection margins (PSM) may occur in nerve-
sparing RP or in locally advanced PC. The presence of PSM is
associated with an increased risk of biochemical recurrence (2). In
addition, the risk of metastasis is increased with PSM of greater
than 2 mm or multiple PSM. Preoperative MRI and prostate sam-
pling with systematic and fusion-guided biopsy cores help to guide
neurovascular bundle preservation planning without increasing the
risk and number of PSM (3-5). Intraoperative frozen-section analy-
sis can help the surgeon to preserve these structures (1,6). However,
besides resource consumption, there is also some conflicting
evidence, as studies have demonstrated high false-negative rates
of intraoperative frozen-section analysis—potentially resulting in
unjustified nerve-sparing surgery (6, 7).

For PC, PET/CT molecular imaging with radiopharmaceuticals
targeting prostate-specific membrane antigen (PSMA) has been
established in recent years. PSMA PET/CT is used for highly spe-
cific oncologic diagnostic imaging, especially in the setting of bio-
chemical recurrence (8§—12). Interestingly, PET imaging agents also
emit optical photons via a phenomenon called Cerenkov lumines-
cence. This property enables optical imaging, called Cerenkov
luminescence imaging (CLI), using the novel LightPath system
(Lightpoint Medical Ltd.) (/3). Cerenkov photons are emitted by a
charged particle (e.g., positron or electron) when traveling through
a dielectric medium at a faster speed than the velocity of light in
that medium (/3,14). Although Cerenkov luminescence has a broad
wavelength spectrum, it predominantly comprises ultraviolet light
and blue light. These short wavelengths are highly attenuated in
biologic tissue. Therefore, CLI is limited to the detection of sig-
nals emitted in superficial tissue layers. In contrast to PET, CLI is
unable to detect photons emitted by more deeply located tissues or
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tumors (75,16). Intraoperative imaging with CLI is promising
because it allows evaluation of the entire surface of the prostate,
whereas intraoperative frozen-section analysis includes only a lim-
ited number of prostatic slices and thus is susceptible to sampling
errors. Initial feasibility studies for intraoperative use in PC show
promising results. So far, these have been based on small patient
cohorts and selected patients, mainly with intermediate- to high-
risk PC. One difference between the studies is the number of
injections. In Olde Heuvel et al. (1/7), preoperative PET/CT was
performed 4 wk before surgery with intraoperative tracer injection,
whereas Darr et al. (/8) examined immediate preoperative PET/CT
without intraoperative tracer injection.

CLI could significantly improve the oncologic outcome of this
patient group in the future; however, the safety of the medical staff
must also be guaranteed and ensured. Radiation exposure has been
thoroughly evaluated for sentinel lymph node procedures with
9mTc-labeled compounds and has shown consistent values of
exposure from 1 to 10 wSv (/9-22) per procedure. However, PET
tracers carry an inherent risk of additional radiation exposure
because of the higher energy and number of annihilation y-photons
in comparison to the y-photons from *°™Tc¢ (23). Olde Heuvel
et al. presented first data with a maximum radiation exposure of
0.016 mSv per procedure as the radiation exposure of medical per-
sonnel from 5 patients undergoing CLI-guided RP after intraopera-
tive ®*Ga-PSMA-11 administration (/7).

To calculate a possible scenario for radiation exposure in a new
situation, such as radioguided surgery using positron emitters, med-
ical physicists must rely on evidence-based publications. However,
these are mostly available for different situations, such as clinical
technologist exposure from patients undergoing PET/CT imaging
or metrological data—which is either theoretically determined or
measured in very controlled situations not corresponding to a

realistic clinical operation (24,25). Exposure limits must be ob-
served and, if necessary, the operation theater must be reclassified
as a temporary radiation-controlled area.

The objective of this study was to provide a quantitative descrip-
tion of the total additional occupational exposure that would occur
for surgery personnel and pathologists from patients undergoing
preoperative *Ga-PSMA PET/CT and subsequent radioguided RP.

MATERIALS AND METHODS

Surgery and Intraoperative CLI

Ten patients with preoperative ®*Ga-PSMA-11 administration and
intraoperative CLI were included in the present radiation exposure
study (5 of whom were included for post-PET/CT +y-field dose rate
investigations). The work flow of our “1-stop-shop” protocol is shown
in Figure 1. Patients received 141.9 *= 57.86 (average = SD) MBq of
%8Ga-PSMA-11 for PET/CT, in accordance with guideline recommen-
dations (26). After **Ga-PSMA PET/CT, radioguided RP was per-
formed. A urinary catheter was inserted in the operating room to drain
the urine. The excised prostate specimen was immediately retrieved
from the abdomen, wiped to clear blood and fluids, positioned in a
specimen tray, and then imaged with the LightPath system. After the
imaging was done, the prostate gland was assessed for radioactivity
quantification with a germanium detector.

Patient Dose Rate

An initial evaluation of the detector response consisted of 3 meas-
urements of a point source of 60 MBq using a proportional counter—
based dose rate meter (FH 40 G-L; Thermo Fisher Scientific); all
measurements included background subtraction.

Subsequently, we evaluated the impact of patient orientation toward
the radiation detector, compared with a point source, and later provided
a rough estimation of the fraction of tracer elimination until prostatec-
tomy. For this step, we obtained measurements from 10 patients

%Ga-PSMA-11
Administration PET/CT

A B '

0 min
142 MBq

Prostatectomy & CLI

189 min p.i.
20 MBq

348 min p.i.
4 MBq

FIGURE 1.

One-stop-shop protocol, including tracer administration (A), PET/CT imaging (B), and CLI during prostatectomy (C—E), permitted by remain-

der of ®3Ga-PSMA-11 uptake in prostate. Temporal sequence (black arrow) shows median time points after injection (p.i.) and decay-corrected whole-

body activity expected for each step of protocol.

1350

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 63 + No.9 - September 2022



injected with °®Ga-PSMA-11 (10.4 = 4.6 min

after injection), in the standing position facing
the right and left sides of the waist, with the
condition that the patients did not eliminate any
tracer via urine excretion (pre-PET/CT). At
100.2 =27.5 min after *Ga-PSMA-11 PET/
CT scanning, measurements were obtained
from 5 patients in the supine position (post-
PET/CT). In total, 4 predefined positions were
measured (coded as head [A], right side of the
waist [B], left side of the waist [C], and feet
[D]) at a distance of 1 m. These predefined posi-
tions corresponded to the locations around the
patient where staff members (e.g., scrub nurse,
surgical assistant) were likely to be in stationary
positions during surgery including CLI. In total,
20 individual measurements were obtained.

The measured dose rates were plotted as a

Scrub nurse

0.3m
- ’
7
NN
’ E@
!

function of the injected tracer activity decay
corrected to the time of the measurement, and
a linear fit (least squares method) was applied,
constraining the fit to pass at the origin (i.e.,
the condition in which there is no tracer; the dose rate output will be
equal to that measured as the background signal). We postulated that
the slope of the fit would provide an estimate of the patient-specific
dose rate constant at the defined positions.

Electronic Personal Dosimetry (EPD)

The exposure of the medical personnel was assessed in 10 proce-
dures using EPD. RAD-60 (Mirion Technologies) dosimeters were
positioned at waist level. Measurements included the first surgical assis-
tant and scrub nurse at the operating table and the CLI imager/surgeon
at the robotic console and encompassed the whole duration of surgery.

EPD Versus Dose Rate Predictions

On the basis of the different patient-specific dose rate constants at
the defined positions, the exposure during the procedure was calcu-
lated as:

Iy - A
12

H'(10) =

-RF, Eq. |

where H*(IO) is the ambient dose equivalent rate at a 10-mm
depth, and I'y is the dose rate constant.

FIGURE 2. Setup in operating theater and respective distances used for calculated personal
equivalent doses based on patient-specific dose rate constants.

estimation. If we measure the typical distance from the source to the
exposed first assistant, scrub nurse, and CLI imager (Fig. 2), we find
that r is equal to 0.3, 0.6, and 1 m, respectively (the CLI imager is also
a conservative surrogate for the anesthetist and the primary surgeon at
the console). To accommodate any uncertainty related to the exact
position of each health care professional, 2 additional points at =10 cm
of the reference position were considered. The health care professional
positions were then superimposed on Figure 3, such that the first surgi-
cal assistant and the CLI imager/surgeon were attributed the dose rate
value corresponding to position C, whereas the scrub nurse was attrib-
uted that corresponding to position B.

Prostate Gland Specimens

To access the tracer activity present in the prostate gland, as an indi-
cator for the pathologist’s skin exposure, 8 prostate specimens were
measured with a Hyper-Pure germanium detector (HPGe) (Canberra)
after prostate excision and CLI. To ensure adequate pathologic proc-
essing afterward, the specimens had already been placed in formalin.
The radiation measurement was performed using a 20-min protocol,

A is the radionuclide activity, and r is the A B
distance from the source to the detector. A .
Because ®®Ga is a short-lived radionuclide 1 -
(half-life value of 67.71 min), the activity A o P SpeRETeT *®
. . . ) : - .
present in a given sample will decrease as a \ { v Pos. APost-PET/CT
. . e N = 61 @ Pos. B Post-PET/CT - ® 7 "
function of the time of measurement, thus f N = & Pos. C Post-PET/CT »
: : . - (o Q *  Pos. D Post-PET/CT -
causing a decrease in the dose rate. Taking AN z o
- | \ -
this phenomen(?n into account, we 1gtro B <24/ ?-.\ S c =
duced a correction factor that was obtained | on e °
by integrating the dose rate over the mea- 'II J" | :' g
sured time (t); this factor was referred to as (| | 8
a reduction factor (25): ¥ il
T P
0.693 -t
RF=1.433- 2. [ 1—exp . i
t Tl /2 0 20 40 60 80 100 120 140 160
Eq. 2 D Activity at time of measurement (MBq)

Because operating room personnel are
mostly stationary in robot-assisted surgery, it
is reasonable to assume that the point source
exposure modeling will provide a reasonable

%8GA-PSMA CLI EXPOSURE IN PROSTATECTOMY

FIGURE 3. Dose rate measurements at predefined positions (Pos.) (A) and respective linear reg-
ression lines (B). Positions are as follows: A = at head; B = right side; C = left side; D = at feet.
Post-PET/CT = dose rate readings immediately before entering operating room; Pre-PET/CT =
measurements immediately after tracer injection.
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TABLE 1
Summary of Dose Rate Measurements, Activity at Time of Measurement, and Respective Patient-Specific Dose Rate
Constants (Dose Rate/Activity)

Activity, MBq Dose Rate/Activity, pSv - h™' . MBq™"
Position Average SD Average SD I
Point source (1 m) 69.96 2.3 0.145 0.002
Patient before PET (1 m) 112.2 17.7
B 0.047 0.004 0.70
C 0.047 0.005 0.66
Patient after PET (1 m) 64.5 41.7
A 0.011 0.003 0.92
B 0.026 0.004 0.96
C 0.024 0.005 0.97
D 0.003 0.004 0.84

followed by an automatic sequence for the identification of the
511-keV energy peak and further quantification based on energy and
efficiency calibration curves.

The detected activity for HPGe provided an estimate of the expo-
sure of the pathologists who performed frozen-section procedures. As
a threshold, we used nuclide-specific exemption limits (*Ga<
100kBq) (27).

Because not all centers may have access to HPGe detectors, we pre-
sent an alternative method for accessing the amount of radiotracer pre-
sent in the excised specimen on the basis of *®Ga-PSMA-11 imaging.
The method consists of defining a region delimited by the prostate
anatomic boundaries on the basis of CT imaging. The same volume is
then overlaid on the PET reconstructed images to provide an estimate
of the total amount of tracer.

RESULTS

Patient Dose Rate

Initial measurements around the patient showed a decreased dose
rate constant compared with a point source. The measured dose rate
values averaged 5.3 = 0.9 wSv/h. If a linear relationship between
the dose rate and tracer activity (decay corrected to the time of mea-
surement) is assumed, then the patient-specific dose rate constant
for each measured position can be extracted, showing both position
B (n=10) and position C (n=10): 0.047 wSv/h-MBq versus
0.145 = 0.002 .Sv/h-MBq for the point source (Table 1).

The dose rate measurements immediately before surgery (post-
PET/CT) averaged 1.04 =1.00 nSv/h (minimum: 0.115 wSv/h;
maximum, 3.65 wSv/h). The lowest dose rates were detected at the
head and the feet of the patients. The patient-specific dose rate cons-
tant values obtained from a linear modulation were 0.011, 0.026,
0.024, and 0.003 wSv/h-MBq, corresponding to the head (A), right
waist (B), left waist (C), and feet (D), respectively.

Patient Demographics and Oncologic Data

Patient characteristics are displayed in Table 2. In total, 10
patients with histologically confirmed PC were included; of those,
50% had locally advanced disease and 50% had high-risk PC. The
median time from tracer injection until CLI was 328.5 min (inter-
quartile range [IQR], 298.75-371.75 min). This study received
formal ethics committee approval (19-8749-BO), and all subjects
provided written informed consent.

1352

EPD

For the 10 procedures considered, the average EPD monitoring
duration was 242 + 14 min, starting 189 + 38 min after **Ga-
PSMA-11 administration. EPD readings revealed average personal
equivalent doses [Hp(10)] of 9.0*+7.1, 3.3£39, and 0.7*
0.7 wSv for first surgical assistant, scrub nurse, and CLI imager/sur-
geon at the robotic console, respectively.

EPD Versus Dose Rate Predictions

Regarding the calculated Hp(10) based on patient-specific dose rate
constants, we observed average Hp(10) of 11.7*10.0, 2.7+
1.7, and 0.8 = 0.5 w.Sv for the first surgical assistant, scrub nurse, and
CLI imager/surgeon, respectively. These values correspond to success
rates (the condition in which the read EPD falls within the *=10-cm
uncertainty—calculated exposure) of 90%, 40%, and 20% for the first
surgical assistant, scrub nurse, and CLI imager/surgeon, respectively.
The procedure-specific values for exposure are shown in Figure 4.

Prostate Gland Specimens

Prostate gland specimens were excised and analyzed by CLI at
medians of 348 min (IQR, 282-437 min) after ®Ga-PSMA-11
administration and 276 min (IQR, 194-369 min) after PET/CT
imaging. The measurements with the HPGe were obtained 71 min
(IQR, 42-143 min) after prostate excision. All activity values
were decay corrected to the time of prostate excision.

HPGe measurements revealed activities between 0.9 and
38.6 kBq for ®Ga. The median HPGe measured activity was
2.96 kBq (IQR, 2.23-7.65 kBq), whereas the median total activity
encompassed in the prostate region PET reconstructed images
accounted for 3.83 kBq (IQR, 2.83-8.50 kBq).

The deviation between HPGe values and PET activity values was
characterized by a systematic overestimation (median of 18.9%) of
PET activity values compared with HPGe values, as depicted in
Figure 5. There were no statistical differences between HPGe and
PET datasets with regard to prostate activity levels (P = 0.090).

DISCUSSION

In the present study, we were able to provide a systematic eval-
uation of the patient as a radioactive source in each of the different
procedural steps encountered in PET/CT imaging and subsequent
CLI for the evaluation of surgical margins during robot-assisted
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TABLE 2
Demographic and Oncologic Data for 10 Patients

Characteristic Value
Patient and imaging*
Age, iny 63 (56.5-69)
BMI, in kg/m? 30.37 (24.25-34.68)

Injected activity, in MBq

Activity derived from HPGe, in kBg/mL, corrected to time of excision
Activity derived from PET/CT in prostate, in kBg/mL, corrected to time of excision

Duration from tracer injection to CLI, in min
Duration from skin incision to CLI, in min
Surgical and oncologic’
Organ-confined PC
Locally advanced PC
Initial PSA, in ng/mL*
Risk stratification according to D’Amico (34)
Intermediate-risk PC
High-risk PC
ISUP-GGG
2
3
4
5
Prostate specimen weight, in g*

*Reported as medians, with interquartile ranges in parentheses.

122 (99.25-185)
2.96 (2.24-7.65)
3.83 (2.83-8.50)

328.5 (298.75-371.75)

130.2 (125.4-145.2)

5 (50)
5 (50)
12.5 (8.3-15.25)

2 (20)
43.5 (41.25-55)

TReported as numbers of patients, with percentages in parentheses, unless otherwise indicated.
BMI = body mass index; PSA = prostate-specific antigen; ISUP-GGG = International Society of Urological Pathology Gleason

grading group.

prostatectomy for a single administration protocol (i.e., 1-stop-
shop protocol) (Fig. 1). For this purpose, methods for prospective
and department planning radiation protection calculations for this
entirely new application of *8Ga-PSMA-11 were used and in-
cluded a point source exposure calculation and a reduction factor
expected for long exposures to short-lived radionuclides.

In the first step of the present study, a measurement was elected to
illustrate how the point source exhibits a similar dose rate per unit of
activity at a 1-m distance. The resulting dose rate at 1 m normalized
for activity showed a good concordance with the DIN (Deutsches
Institut fir Normung [German Institute for Standardisation Reg-
istered Association]) tabulated value of 0.1581 (0.145 measured)
wSv-h~'- MBq ! for ®Ga. The observed discrepancy was mainly
due to a decreased detector responsivity to 511 keV, compared with
the calibration vy-lines of '¥’Cs (661.6 keV). However, for patients,
partially because of self-attenuation (28), a discrepancy between tab-
ulated values and those based on dose rate meter measurements was
observed (Table 1). The positioning of the dose rate meter at a dis-
tance of 1 m from the radiation source, with a height greater than
this distance, will result in a lower dose rate than that of a point
source (29). Dose rate measurements performed after the PET/CT
scan showed a decreased dose rate constant because much of the
tracer had been excreted at this point, leading to a decrease in dose
rate constants of approximately 50% compared with the values
immediately after tracer injection (i.e., pre-PET/CT).

%8GA-PSMA CLI EXPOSURE IN PROSTATECTOMY

Despite being a simple and limited method, the point source
approximation using patient-specific dose rate constants provided a
plausible approximation for the occupational exposure measured by
dosimeters, especially for the position of the assistant surgeon
because a relaxation of =10 cm in the stationary condition could
predict 90% of the measured doses. The greatest impairment of the
dose estimation was due to very low exposure levels, illustrated by
the CLI imager/surgeon position, for which most values of expo-
sure were found to be between 0 and 1 pSv; these data suggested
that the limiting factor was the lack of accuracy of EPD for meas-
urements below the measuring range (1 uSv—9.99 Sv). The remain-
der of outliers could be explained by a higher proximity to the
source or orientation of the dosimeter toward the radiation field out-
side the efficient angular range of EPD.

With respect to the measured Hp(10), it is evident from Equa-
tion 2 that the professional who operated nearest to the patient
would have the highest exposure. Considering the general public
exposure limit of 1 mSv as a threshold, that professional with the
highest exposure (the first surgical assistant) (Fig. 4A) would be
able to perform CLI after ®Ga-PSMA-11 PET/CT for 110 radio-
guided RP procedures per year.

The presented “1-stop-shop” single administration for both PET/
CT and CLI has been validated in a feasibility study (/8) and serves
as an example of the ALARA (as low as reasonably achievable)
principle for radiation exposure optimization applied to radioguided
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FIGURE 4. EPD measurements (black bars) alongside computed values
based on point source (PS) model (medium gray bars) at measured dis-
tance r. Variations of minus —10 cm (dark gray bars) and +10 cm (light
gray bars) from distance r using PS assumption are shown.

surgery—not only for the medical exposure of the patient by relin-
quishing a dedicated tracer injection of about 100 MBgq, resulting in
a patient effective dose of 2 mSv, but also by effectively decreasing
the occupational exposure of the medical personnel. In a
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FIGURE 5. Activity quantification of excised prostate specimens decay
corrected to time of excision. Black bars represent PET-based quantifica-
tion (median, 3.83 kBq; IQR, 2.83-8.50 kBq). Gray bars represent HPGe
measurement (GeDet) (median, 2.96 kBq; IQR, 2.23-7.65 kBq).

%8Ga-PSMA-11 CLI primary prostate cancer study (/8), with peri-
operative radiotracer administration of 100 MBq, an Hp(10) of
16 w.Sv was recorded for the most exposed medical professional.
The data presented were for the sterile scrub nurse and were compa-
rable to our collected data. However, no other exposure data were
collected from other staff roles. According to our findings, the
exposure values for the scrub nurse were quite variable, with an
average Hp(10) of 3.3 = 3.9 wSv, whereas the exposure values for
the assistant were very precise and therefore more informative.
Other intraoperative CLI applications include the use of 2-'8F-
FDG for the identification of surgical margins in breast-conserving
surgery. From published studies, there is evidence that the preopera-
tive administration of about 300 MBq of 2-'®F-FDG would deliver
maximal personal equivalent doses of 34.0-61.8 wSv (15,30). Inter-
estingly, when the '®F decay characteristics and the assumption of
the administration of 300 MBq were substituted in our model, then
we obtained exposure levels of 51.3, 15.3, and 4.6 wSv per procedure
for the first surgical assistant, scrub nurse, and surgeon, respectively.
CLI has been important in preclinical evaluations of disease
models using several B-emitters, mostly because of the small di-
mensions of the image samples (mostly from mice), which are
favorable for CLI, and the cost-efficiency compared with preclini-
cal PET/CT scanners. With translation in the intraoperative envi-
ronment, it is conceivable that new radionuclides (such as the
longer-lived 3°Zr or *Cu) will become relevant in CLI-radioguided
surgery; for these radionuclides, our exposure model could provide
some insight in terms of predicting occupational exposures (31).
Our approach for the pathologist’s exposure was a conservative
surrogate for a direct measurement of exposure with a ring dosime-
ter; we directly measured the activity contained in the prostate
gland using the HPGe. On the basis of our data, there was no signif-
icant radiation exposure to pathology staff. Additionally, we pro-
vided an independent measurement based on PET data obtained
before CLI. Our results indicated a systematic overestimation of the
activity levels found by PET in comparison with the HPGe. The
systematic result suggests that this method of tracer amount estima-
tion may be limited by the presence of activity in surrounding tis-
sues, namely, the bladder, that would overestimate the radioactivity
content in the prostate specimen. However, with the exception of
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1 specimen, the PET estimate could predict the HPGe value below
10% error. Various standardized exposure situations are given in the
literature. Delacroix et al. described hand contact on a glass beaker
filled with 50 mL of ®®Ga solution (27). With this method, a dose of
approximately 4 wSv would be expected from a 1-h contact. This
specification is consistent with our results, considering the 50-mSv
radiation exposure limit to the skin for members of the public (32).
The present study has several limitations. First, our study was
related to the low radiation field that provides poor statistics for
counting devices. This limitation also translates to difficulty for the
point source model in predicting such low exposures. Second, the
fact that we used point source geometry is also a limitation, as in
real life the patient is not a point source. Further studies using
anthropomorphic mathematic phantoms as the source of external
exposure could address this limitation (33). Finally, we did not pro-
vide measured evidence of skin exposure by means of a ring dosim-
eter and therefore could not directly correlate the activity levels in
the specimen with the finger exposure of the histopathology staff.

CONCLUSION

The single-injection PET/CT CLI-guided RP protocol can be
performed in about 110 procedures per year before the limit for
public radiation exposure is reached. All prostate specimen radio-
nuclide content was below the exemption level for 8Ga at the
time of excision. Overall, the occupational risk of the 1-stop-shop
protocol appears to be quite low, meaning that it is not necessary
to reclassify the operation theater as a temporary radiation-
controlled area. Furthermore, no radiation safety measures are
required for specimen handling in the pathology department.
Further validation for other radionuclides with the potential for
CLI-radioguided surgery or other types of radioguided surgery,
such as '8F-PSMA-1007, should be addressed in future studies.
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%8GA-PSMA CLI EXPOSURE IN PROSTATECTOMY

KEY POINTS

QUESTION: What is the radiation exposure risk for CLI-radio-
guided surgery after ®®Ga-PSMA-11 administration for surgery
personnel?

PERTINENT FINDINGS: The protocol can be performed at about
110 procedures per year before the limit for public radiation
exposure is reached.

IMPLICATIONS FOR PATIENT CARE: Implementation of
CLI-radioguided surgery procedures does not involve additional
radioprotection hurdles.
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The NETTER-1, VISION, and TheraP trials proved the efficacy of repeat
intravenous application of small radioligands. Application by subcuta-
neous, intraperitoneal, or oral routes is an important alternative and
may yield comparable or favorable organ and tumor radioligand
uptake. Here, we assessed organ and tumor biodistribution for various
radioligand application routes in healthy mice and models of cancer
expressing somatostatin receptor (SSTR), prostate-specific membrane
antigen (PSMA), and fibroblast activation protein (FAP). Methods:
Healthy and tumor-bearing male C57BL/6 or NOD SCID +y-mice,
respectively, were administered a mean of 6.0 = 0.5 MBq of ®8Ga-
DOTATOC (RM1-SSTR allograft), 5.3 + 0.3 MBq of 8Ga-PSMA11
(RM1-PSMA allograft), or 4.8 + 0.2 MBq of ®®Ga-FAPI46 (HT1080-
FAP xenograft) by intravenous, intraperitoneal, subcutaneous, or oral
routes. In vivo PET images and ex vivo biodistribution in tumor,
organs, and the injection site were assessed up to 5 h after injection.
Healthy mice were monitored for up to 7 d after the last scan for signs
of stress or adverse reactions. Results: After intravenous, intraperito-
neal, and subcutaneous radioligand administration, average residual
activity at the injection site was less than 17 percentage injected
activity per gram (%IA/g) at 1 h after injection, less than 10 %IA/g at
2 h after injection, and no more than 4 %IA/g at 4 h after injection for
all radioligands. After oral administration, at least 50 %IA/g remained
within the intestines until 4 h after injection. Biodistribution in organs
of healthy mice was nearly equivalent after intravenous, intraperito-
neal, and subcutaneous application at 1 h after injection and all sub-
sequent time points (=1 %IA/g for liver, blood, and bone marrow;
11.2 = 1.4 %IA/g for kidneys). In models for SSTR-, PSMA- and
FAP-expressing cancer, tumor uptake was increased or equivalent
for intraperitoneal/subcutaneous versus intravenous injection at 5 h
after injection (ex vivo): SSTR, 7.2 = 1.0 %IA/g (P = 0.0197)/6.5 =
1.3 %IA/g (P = 0.0827) versus 2.9 * 0.3 %IA/g, respectively; PSMA,
3.4 = 0.8 %IA/g (P = 0.9954)/3.9 + 0.8 %IA/g (P = 0.8343) versus
3.3 = 0.7% |A/g, respectively; FAP, 1.1 = 0.1 %IA/g (P = 0.9805)/
1.1 = 0.1 %lA/g (P = 0.7446) versus 1.0 = 0.2 %IA/g, respectively.
Conclusion: In healthy mice, biodistribution of small theranostic
ligands after intraperitoneal/subcutaneous application is nearly
equivalent to that after intravenous injection. Subcutaneous administra-
tion resulted in the highest absolute SSTR tumor and tumor-to-organ
uptake as compared with the intravenous route, warranting further
clinical assessment.
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NETTER—] (1), and the more recent clinical trials TheraP (2)
and VISION (3), established somatostatin receptor (SSTR)— and
prostate-specific membrane antigen (PSMA )—directed small-ligand
radiotheranostics as efficacious cancer therapy with favorable safety
profiles. Recently, fibroblast activation protein (FAP)-targeting small
ligands have emerged for PET and therapy of cancers (4). Intrave-
nous application is the standard route for radioligands. However,
oral, intraperitoneal, and subcutaneous administrations are faster and
require a lower level of training than does intravenous administra-
tion, both in the preclinical and in the clinical settings. The volume
of preclinical and clinical radioligand applications is growing rap-
idly, and thus, there is an urgent unmet need to assess alternative
application routes to address the increasing demand. In addition, the
field of FAP-directed therapies is dynamic and evolving, highlight-
ing the emerging need for optimization of administration routes for
these novel radioligands for ongoing preclinical and clinical assess-
ment. With this intent, assessment of biodistribution and administra-
tion routes for ®*Ga-FAPI46 (FAP inhibitor [FAPI]) was requested
by the German Federal Institute for Drugs and Medical Devices for
recent approval of a prospective clinical trial on ®*Ga-FAPI46 PET/CT
for various types of cancer (NCT04571086).

We hypothesized that intraperitoneal/subcutaneous application
would yield organ and tumor biodistribution nearly equivalent to
that of the routine intravenous injection. We further hypothesized
that organ and tumor uptake would be significantly lower after
oral application of radioligands. Here, we compare tumor and organ
biodistribution after intravenous, intraperitoneal, subcutaneous, and
oral application of small radioligands in healthy mice and mouse
models of SSTR-, PSMA-, and FAP-expressing cancer.

MATERIALS AND METHODS

Cell Culture

RMI cells, virally stably transduced with SFG-Egfp/Luc (RMI1-
PGLS) or pMSCV-IRES-YFP II-hSSTR (RM1-SSTR) to express high
levels of cell surface human PSMA or SSTR2 (5), were obtained from
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Johannes Czernin (UCLA). HT1080-FAP cells were a gift from Uwe
Haberkorn (University Hospital of Heidelberg). HT1080 cells were
stably transfected with the plasmid pcDNAI/neo-FAP (expressing the
untagged full-length complementary DNA of human FAP) followed
by neomycin selection (6). RMI1-PSMA and RMI-SSTR were main-
tained in RPMI 1640 medium (GIBCO) and HT1080-FAP in Dulbecco
modified Eagle medium (GIBCO), both with 10% fetal bovine serum
(Thermo Fisher Scientific) and with 0.5% penicillin/streptomycin
(GIBCO), at 37°C with 5% COs,. Cells were thawed for 2 wk or passaged
3 times before inoculation. Cells were routinely assessed for Mycoplasma
contamination using the VenorGeM OneStep kit (Minerva Biolabs).

Radiosynthesis
%8Ga-DOTATOC, **Ga-PSMA11, and **Ga-
FAPI46 were obtained from the radiophar-

Mean (+SEM) tumor volumes were 0.39 + 0.09 cm® (interquartile
range, 0.07-0.66cm>) for RM1-SSTR tumors, 0.05 * 0.01cm?
(interquartile range, 0.02-0.08 cm®) for RM1-PSMA tumors, and
0.22 + 0.03cm’ (interquartile range, 0.06-0.25cm?) for HT1080-
FAP tumors.

Radioligand Application and Small-Animal PET/CT

Healthy or tumor-bearing anesthetized mice (1.5%-2% isoflurane)
received a mean of 6.0 = 0.5 MBq of ®*Ga-DOTATOC, 5.3 = 0.3MBq
of %¥Ga-PSMA11, or 4.8 * 0.2MBq of *®Ga-FAPI46 intravenously
(tail vein), intraperitoneally, subcutaneously, or orally (oral HT1080-
FAP tumor-bearing mice only) (differences between injected activities
were not statistically significant). Each healthy mouse received intrave-
nous, intraperitoneal, subcutaneous, and oral administration, with a 1-wk

macy of our clinic. Clinical-grade radiolabeling

of precursors (DOTATOC, PSMA11, FAPI46) A Application site
was performed using the Modular-Lab eazy 150 —o— i 120 7 ® iv.
for DOTATOC and PSMA or Scintomics _:_ Isr:: 100 A - : ;‘:
GRP 3V for FAPI using commercially avail- o R —&— po. E ] o . ¢ po.
able reagent kits. The final solution had less 2 g‘ e £ & *
than 5 pg/mL for ®Ga-DOTATOC, less than g 3 S 60
3 ug/mL for %Ga-PSMA, and approximately a= E 404
50 wg/mL for ®*Ga-FAPI, with a 100-puL & 2 &
injected volume per mouse. Radiochemical @ o 207 H
purity was determined with radio—high- 0 - ; + f
performance liquid chromatography (FAPI: o8P § P\"? K q,b‘Q éb.-]'bg %mep @Qq’@ @%@
Chromolith Performance RP18¢ column from Time after start of PET (min) Time after start of PET (min)
Merck [100 X 3 mm], gradient of 0%—20%
MeCN + 0.1% trifluoroacetic acid in 5 min,
run time of 15 min; PSMA: 5%-40% MeCN + B Application site 120 .
0.1% trifluoroacetic acid in 10 min, run time . : ::
of 15 min; DOTATOC: 24% MeCN + 0.1% S0 1@ 44 = o
trifluoroacetic acid for 8 min, then 24%—60% E % 80 & po.
in 1 min, run time of 15 min; and instant thin- = B
layer chromatography-silica gel [ammonium 2 3 % i " *%

y graphy g D 2
acetate, 77 g/L, and methanol R, 50:50 v/v]). i E 40 .
The radiochemical purity exceeded 98% for & 2 w5y “
all radioligands. % *

0

Mice and Tumor Models d e B & P S S S S

Male C57BL/6 and NOD SCID Gamma Time after start of PET (min) Time after start of PET (min)
mice were purchased from Charles River
Laboratories (6-8 wk old) and housed under o .
specific pathogen-free conditions with food C Appiation site —.— i 120 @ i
and water available ad libitum. The health w0 B A ip.
status of the mice was monitored by assessing —&- sc. £ 100 1Mm™ i | .3 msc
a summarized score twice a week (healthy ES —100 e ol 2 a0 ry * o
animals) or daily (tumor-bearing animals). E g j::i. & il
The study was approved by the North Rhine— w2 ©
Westphalia State Agency for Nature, Envi- 80 ~ 50 E 40 g
ronment, and Consumer Protection, Germany 8 20 .
(permit AZ.81-02.04.2018.A090). 2

For subcutaneous tumors, 0.1 X 10° RM1- 0 : S : 0= 09 T b?‘ i &b TS
SSTR or RMI-PSMA (C57BL/6) cells or 1.0 X R P& P S S S SoP
10° HT1080-FAP (NOD SCID Gamma) Time after start of PET (min) Time after start of PET (min)

cells in Matrigel (Corning)/phosphate-buff-
ered saline (50:50 ratio) were injected into
the shoulder region of the mice. Tumor vol-
ume (V) was calculated by measuring the
length (L) and width (W) of tumors by caliper
and using the formula ¥V = 14(L X W?) (7).
PET scans were acquired 7—10 d after tumor
inoculation, as described previously (5,8).

FIGURE 1.

1358

Activity at application site and systemic availability over time in healthy mice. Retention
of ®8Ga-DOTATOC (A), 8Ga-PSMA11 (B), and ®3Ga-FAPI46 (C) is shown in healthy mice (6/group) at
application site. (Left) Time—activity curves illustrate radioligand dynamics at application site for intra-
venous, intraperitoneal, subcutaneous, and oral application. (Right) Relative systemic uptake of
whole-body VOI excluding application site VOI is displayed as percentage total-body uptake. Each
dot represents a mouse. Data are mean + SEM. i.p. = intraperitoneal; i.v. = intravenous; p.o. = oral;
s.c. = subcutaneous. *P < 0.05 compared with intravenous application. **P < 0.01 compared with
intravenous application. **P < 0.001 compared with intravenous application.
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interval between PET/CT scans (Supplemental Fig. 1A; supplemental
materials are available at http:/jnm.snmjournals.org). Each tumor-bear-
ing mouse was scanned twice, at 1 and 4 h after injection, after
either intravenous, intraperitoneal, or subcutaneous application and
was sacrificed at about 5 h after injection for ex vivo analysis (Sup-
plemental Fig. 1B). Imaging was performed with a B-CUBE (PET)
and X-CUBE (CT) (Molecubes) in temperature-controlled beds with
monitoring of breathing frequency. PET/CT was performed (PET,
15 min; CT, 5 min) in list mode with frames for 5, 10, and 15 min
(dynamic scans; maximum delay between injection and scan start,
5 min) and static scans at 1, 2, and 4 h after injection for healthy
mice and 1 and 4 h after injection for tumor groups.

Image Reconstruction and Processing

Images were reconstructed using an iterative image space reconstruc-
tion algorithm (30 iterations) with attenuation correction of the corre-
sponding CT image. PET data were reconstructed into a 192 X 192
transverse matrix, producing a 400-pum isometric voxel size. PET images
were evaluated with PMOD software (PMOD Technologies LLC).
Decay-corrected mean percentage injected activity per gram (%IA/g) of
the tumor and organs of interest was derived from DICOM images. Vol-
umes of interest (VOIs) were defined as spheres with a diameter of
Smm (lung, liver, spleen, intestines, heart, brain, kidneys) and 2.5 mm
(bone marrow, thigh muscle, blood pool, injection site, tumor) in tissues
of interest. %IA/g was calculated from the average pixel values reported
in Bg/mL within these VOISs corrected for radioactive decay and mouse
body weight.

Ex Vivo Analysis

Approximately Sh after injection, the animals were killed and
organs of interest were extracted, dabbed dry, weighed, and measured
for radioactivity in an automated -y-counter (Perkin-Elmer y-Counter
2480 Wizard®). Organ and tumor uptake was calculated from radioac-
tive counts, decay-corrected, and expressed as %IA/g.

Data and Statistical Analysis

Data are presented as mean = SEM unless indicated otherwise. All
statistical analyses were performed using GraphPad Prism (version
9.1.0; GraphPad Software). Tumor-to-organ uptake ratios were calcu-
lated for blood, kidney, liver, and bone marrow (femur) using %IA/g
at 1 hand 4 h in in vivo VOIs and at 5 h for ex vivo y-counter meas-
urements (%IA/g tumor/%IA/g organ). Statistical significance was
assessed using the Brown—Forsythe and Welch ANOVA test with the
Dunnett T3 multiple-comparisons test or the Tukey multiple-comparisons
test. P values below 0.05 were considered statistically significant.

RESULTS

Local and Systemic Activity

To assess the biodistribution of radioligands applied via differ-
ent routes, we measured the activity retained at the injection site
versus the overall systemic activity distribution excluding the
application site. Activity at the injection site decreased over time
after intravenous, intraperitoneal, and subcutaneous administration
in healthy mice (Fig. 1; Supplemental Fig. 1). For all radioligands,
mean residual activity at the injection site 4 h after injection was
1.0 = 0.3 %IA/g for intravenous, 4.4 = 2.1 %IA/g for intraperito-
neal, and 2.1 £ 0.5 %IA/g for subcutaneous; this correlated
inversely with increased systemic availability of radioligands. Oral
administration resulted in significant and prolonged retention of
radioligands in the stomach and proximal small bowel as well as a
low systemic distribution (Figs. 1A—1C). After oral administration,
average systemic uptake was highest for ®*Ga-FAPI46 (Fig. 1C).

Therefore, oral application was further explored in HT1080-FAP
tumor-bearing mice.

Near-Equivalent Organ Biodistribution of Radioligands After
Intraperitoneal, Subcutaneous, and Intravenous Application
in Healthy Mice

In healthy mice, intraperitoneal, subcutaneous, and intravenous
injection of radioligands resulted in near-equivalent organ biodistri-
bution in vivo (Figs. 2—4; Supplemental Figs. 2 and 3). Radioligand
retention in blood and kidney is listed in Supplemental Table 1.
Blood retention in healthy mice was significantly higher after intra-
peritoneal/subcutaneous than after intravenous application of *®Ga-
PSMAL1 (intraperitoneal: P = 0.0226 at 1 h, 0.0463 at 2 h, and
0.0394 at 4 h; subcutaneous: P = 0.0880 at 1 h, 0.0021 at 2 h, and
0.065 at 4 h). For ®®*Ga-DOTATOC and *®Ga-FAPI46, blood and kid-
ney distribution after intraperitoneal/subcutaneous application
were comparable to those after intravenous injection (Figs. 2-4). In
further organs, including liver, bone marrow, lung, heart, spleen,
intestines, brain, and muscle, the intraperitoneal, subcutaneous, and
intravenous application routes exhibited comparable physiologic bio-
distribution (Supplemental Fig. 2). Moreover, in healthy mice, no
short-term or longer-term adverse effects of radioligand applica-
tion and PET/CT procedures were noted during the study duration
(5 wk).

Increased or Comparable Tumor Uptake After Intraperitoneal/
Subcutaneous Versus Intravenous Injection of Radioligands

To evaluate the impact of the application route on tumor uptake
of %8Ga-DOTATOC, ®*Ga-PSMAL1, or ®Ga-FAPI46, we assessed
in vivo and ex vivo tumor and organ uptake in SSTR-, PSMA- and
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FIGURE 2. In healthy mice, organ biodistribution at =1 h after intraperi-
toneal/subcutaneous radioligand application is nearly equivalent to that
after intravenous injection. Healthy mice (6/group) underwent PET after
intravenous, intraperitoneal, subcutaneous, and oral radioligand applica-
tion at minutes 0-30 after start of PET and after 1, 2, and 4 h and were
subsequently killed. Time-activity curves illustrate in vivo PET biodistribu-
tion of ®Ga-DOTATOC dynamics in VOIs at indicated times for intravenous,
intraperitoneal, subcutaneous, and oral application. Data are mean + SEM.
i.p. = intraperitoneal; i.v. = intravenous; p.o. = oral; s.c. = subcutaneous.
*P < 0.05 compared with intravenous injection.
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FIGURE 3. In healthy mice, organ biodistribution at =1 h after intraperito-
neal/subcutaneous radioligand application is nearly equivalent to that after
intravenous injection. Healthy mice (6/group) underwent PET after intrave-
nous, intraperitoneal, subcutaneous, and oral radioligand application at
minutes 0-30 after start of PET and after 1, 2, and 4 h and were subse-
quently killed. Time—activity curves illustrate in vivo PET biodistribution of
%8Ga-PSMA dynamics in VOIs at indicated times for intravenous, intraperi-
toneal, subcutaneous, and oral application. Data are mean + SEM. i.p. =
intraperitoneal; i.v. = intravenous; p.o. = oral; s.c. = subcutaneous. *P <
0.05 compared with intravenous injection. **P < 0.01 compared with intra-
venous injection. **P < 0.001 compared with intravenous injection.

FAP-expressing tumor models (Table 1; Figs. 5-7; Supplemental
Figs. 4 and 5).

In mice bearing SSTR tumors, intraperitoneal/subcutaneous
application resulted in significantly higher mean tumor uptake
than did intravenous application: P = 0.0124 and 0.0377, respec-
tively, at 1 h; P = 0.0301 and 0.0411, respectively, at 4 h; and P =
0.0197 and 0.0827, respectively, at Sh [ex vivo]) (Table 1; Supple-
mental Fig. 4). Tumor uptake of ®Ga-PSMA11 or %*Ga-FAPI46
after intraperitoneal/subcutaneous injection in mice bearing PSMA-
or FAP-expressing tumors was comparable to the uptake observed
after intravenous injection (Table 1).

Oral administration in mice bearing FAP-expressing tumors did
not result in notable tumor uptake (Table 1; Supplemental Fig. 4).
Oral application of ®Ga-FAPI46 in tumor-bearing mice yielded
biodistribution characteristics comparable to those seen in healthy
mice (Supplemental Fig. 4), with high gastrointestinal retention of
the radioligand and low systemic distribution.

Tumor-to-organ uptake ratios of organs relevant to dosimetry
(9,10) for intraperitoneal/subcutaneous versus intravenous applica-
tion are depicted in Figures 5-7. Intraperitoneal/subcutaneous appli-
cation resulted in increased or equivalent tumor-to-liver ratios at 5h
after injection when compared with intravenous (mean ratio 5 h after
injection): ¥ Ga-DOTATOC: 27.4 + 2.2-fold (P = 0.0138)/25.3 *
5.6-fold (P = 0.2756) versus 13.9 + 2.9-fold, respectively; *®*Ga-
PSMAI11: 282 = 7.4-fold (P = 0.4504)/39.4 = 5.7-fold (P =
0.0259) versus 16.9 + 2.8-fold, respectively; and ®*Ga-FAPI46:
6.1 = 1.6-fold (P = 0.4198)/12.0 = 1.1-fold (P = 0.0005) versus
3.7 £ 0.4-fold, respectively (Figs. 5-7). Tumor-to-marrow ratios
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FIGURE 4. In healthy mice, organ biodistribution at =1 h after subcuta-
neous radioligand application is nearly equivalent to that after intravenous
injection. Healthy mice (6/group) underwent PET scans after intravenous,
intraperitoneal, subcutaneous, and oral radioligand application at minutes
0-30 after start of PET and after 1, 2, and 4 h and were subsequently killed.
Time-activity curves illustrate in vivo PET biodistribution of ®*Ga-FAPI
dynamics in VOlIs at indicated times for intravenous, intraperitoneal, subcu-
taneous, and oral application. Data are mean + SEM. i.p. = intraperitoneal;
i.v. = intravenous; p.o. = oral; s.c. = subcutaneous. *P < 0.05 compared
with intravenous injection. **P < 0.01 compared with intravenous injection.

were higher for intraperitoneal than for intravenous application in
mice bearing SSTR-expressing tumors: 50.7 * 4.3 versus 25.7 *
4.9, respectively (P = 0.0096) (Fig. 5). Subcutaneous application
resulted in higher tumor-to-blood ratios than did intravenous appli-
cation in mice bearing PSMA-expressing tumors: 24.5 + 4.2-fold
versus 6.0 = 0.9-fold, respectively (P = 0.0186). For other tumor-to-
organ uptake ratios, no significant difference was observed (Fig. 6).
Oral application of *®Ga-FAPI46 resulted in negligible uptake in
organs and tumors (Table 1; Supplemental Fig. 4).

DISCUSSION

The current delivery method for radioligands for nuclear imaging or
therapy is intravenous injection. However, comparing different appli-
cation routes is important for the translation of novel FAP ligands and
optimization of current clinical protocols for PSMA or SSTR ligands.

The current study aimed at comparing the biodistribution of
SSTR-, PSMA-, and FAP-directed small radioligands administered
intraperitoneally, subcutaneously, or orally with the standard intra-
venous application. Alternative application routes may alter sys-
temic distribution and tumor uptake (//-13), such as by slowing
absorption because of a reduced rate of molecular transport via the
lymphatics and blood flow to the organs of interest or tumor (/4).

Administration of small radioligands intravenously, intraperito-
neally, and subcutaneously was feasible and well tolerated as
assessed by a scoring system including the behavior and overall
physical appearance of mice. Small-radioligand systemic availabil-
ity and biodistribution were comparable for intraperitoneal/subcu-
taneous versus intravenous application (Fig. 1-4). In addition,
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TABLE 1
Intraperitoneal/Subcutaneous Application Led to Increased or Equivalent Tumor Uptake Compared
with Intravenous Injection

P
Radioligand [\ P SC PO IV vs. IP IV vs. SC IV vs. PO
RM1-SSTR (®8Ga-DOTATOC)

In vivo, 1 h 53 £ 0.6 99 £1.0 10.8 £ 1.6 NA 0.0124~ 0.0377* NA
In vivo, 4 h 4.4 0.7 8.6 £ 1.1 11.1 £ 2.0 NA 0.0301* 0.0411* NA
Ex vivo, 5 h 29 £03 72 +x11 6.5+ 1.3 NA 0.0197* 0.0827 NA
RM1-PSMA (°8Ga-PSMA11)
In vivo, 1 h 29 £02 3.0 £ 0.6 26 04 NA 0.9837 0.8297 NA
In vivo, 4 h 26 0.2 26 =07 2.9 = 0.5 NA 0.9996 0.8289 NA
Ex vivo, 5 h 3.3 £0.7 3.4 0.8 3.9 0.8 NA 0.9954 0.8343 NA
HT1080-FAP (°®Ga-FAPI46)
In vivo, 1 h 1.2 £0.2 20+04 22 =11 0.1 = 0.03 0.3024 0.6732 0.00327
In vivo, 4 h 1.0 £ 0.2 1.5+ 0.3 1.1 = 0.6 0.1 = 0.04 0.4559 0.9911 0.0087"
Ex vivo, 5 h 1.0 £ 0.2 1.1 £0.1 1.4 =04 0.02 = 0.01 0.9805 0.7446 0.0058"
*P < 0.05.
P <0.01.
IV = intravenous; IP = intraperitoneal; SC = subcutaneous; PO = oral; NA = not applicable.
Data are mean %IA/g = SEM of 6 mice per group.
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serve as simple alternative application routes for imaging at later " ala ia li d [

time points after injection or therapy, allowing a higher throughput
in mouse studies, with lower dropout rates and high reproducibil-
ity. In mice, intraperitoneal administration did not compromise
radioligand tumor accumulation despite a high initial absorbed
dose in the intestines (/5). However, because of slower systemic
bioavailability after intraperitoneal/subcutaneous injection, intra-
venous application is recommended for early dynamic imaging.

In clinical routine, use of alternatives to intravenous application
may improve outpatient care and benefit potential new therapy
schemes, allowing repeat radioligand application at short intervals.

In patients, intraperitoneal application is limited by a higher likeli-
hood of infection or abdominal organ damage. However, subcutane-
ous application is already well established as a standard route for
injectable medications in outpatients and has an emerging role in
delivery of biotherapeutics and monoclonal antibodies (/6,17). Indeed,
in patients with accidental paravenous infusion of !”’Lu-DOTATOC,
absorption from the paravenous injection site occurs with a half-life of
less than 4 h (Supplemental Fig. 6); this is in line with a short drainage
observed after subcutaneous injection in mice. We therefore expect
that subcutaneous application in patients would be feasible.

Still, an increased radiation dose to organs such as kidneys, bone
marrow, blood, lungs, or liver may limit benefit from intraperitoneal/
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FIGURE 5. Intraperitoneal/subcutaneous radioligand application increases
tumor-to-liver uptake compared with intravenous injection. Mice with subcu-
taneous RM1-SSTR tumors (6/group) received intravenous, intraperitoneal,
and subcutaneous administration of ®Ga-DOTATOC; underwent PET after 1
and 4 h; and then were killed (5 h), followed by assessment of radioactivity in
organs and tumors by y-counter. Plots show tumor-to-organ ratios after
intravenous, intraperitoneal, and subcutaneous administration of %Ga-
DOTATOC. Each dot represents a mouse. Data are mean + SEM. i.p. =
intraperitoneal; i.v. = intravenous; s.c. = subcutaneous. *P < 0.05 compared
with intravenous injection. **P < 0.01 compared with intravenous injection.
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FIGURE 6. Intraperitoneal/subcutaneous radioligand application increases

tumor-to-liver uptake compared with intravenous injection. Mice with subcu-
taneous RM1-PSMA tumors (6/group) received intravenous, intraperitoneal,
and subcutaneous administration of ®Ga-PSMA; underwent PET after 1
and 4 h; and then were killed (5 h), followed by assessment of radioactiv-
ity in organs and tumors by y-counter. Plots show tumor-to-organ ratios
after intravenous, intraperitoneal, and subcutaneous administration of
58Ga-PSMA. Each dot represents a mouse. Data are mean = SEM. i.p. =
intraperitoneal; i.v. = intravenous; s.c. = subcutaneous. *P < 0.05 com-
pared with intravenous injection.

subcutaneous injection. However, if radioligand therapy regimens
were changed to a weekly or biweekly schedule using subcutaneous
application, activities for each administration could probably be
reduced in favor of these more frequent treatments. Weekly or
biweekly intraperitoneal/subcutaneous application could be realized
by outpatient care, reducing the patient’s time in the hospital, person-
nel capacities, and, thus, costs.

In this study, uptake in nontarget tissues did not exceed critical
values or radiation dose as suggested from measured uptake in
%IA/g (Figs. 2-4). Therefore, we assume that a detrimental radiation
burden to organs at risk (mainly kidneys) after intraperitoneal/subcu-
taneous application when compared with the standard intravenous
route is unlikely. Notably, preclinical and clinical studies for DOTA-
TOC- and PSMA-targeting radiotherapies demonstrated that after
intravenous administration, absorbed doses in organs at risk are not
likely to cause relevant radiotoxicity (9,10,18,19). However, to pre-
cisely estimate the additional absorbed dose to the adjacent tissue
(by the intraperitoneal/subcutaneous route) after radioligand therapy,
further studies with !7’Lu-labeled ligands and quantitative preclinical
SPECT imaging should be performed. Yet, if we assume a half-life
of 2.3 h for the change in local activity over time at the injection site,
as recently published by Tylski et al. (20), we would not expect to
detect a change in dosimetry between 1 '”’Lu administration and,
for example, 2—3 administrations spaced by 48 h.

To date, the entire theranostics routine is based on rather conser-
vative application schemes with few possibilities of patient-specific
modification. Our observation that subcutaneous application showed
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FIGURE 7. Intraperitoneal/subcutaneous radioligand application increases
tumor-to-liver uptake compared with intravenous injection. Mice with subcu-
taneous HT-1080 tumors (6/group) received intravenous, intraperitoneal, and
subcutaneous administration of ®Ga-FAPI; underwent PET after 1 and 4 h;
and then were killed (5 h), followed by assessment of radioactivity in organs
and tumors by y-counter. Plots show tumor-to-organ ratios after intrave-
nous, intraperitoneal, and subcutaneous administration of 58Ga-FAPI.
Each dot represents a mouse. i.p. = intraperitoneal; i.v. = intravenous;
s.c. = subcutaneous. Data are mean = SEM.

similar tumor uptake to intravenous application may open new
opportunities for alternative application schemes in the clinical rou-
tine—for example, weekly or biweekly applications, which are less
feasible if using repeat intravenous injections. Also, subcutaneous
application is faster and easier than intravenous and could thus be
realized in outpatient care by medical laboratory assistants in a time-
efficient manner for both patient and clinic personnel. Furthermore,
it would be interesting to investigate the influence of intravenous
application rate (applied dose per time) on tumor uptake. This inves-
tigation could be realized in a clinical study or observational trial on
patients with poor vein status.

This study had some limitations. It assessed ®*Ga-ligands for PET
imaging and did not examine therapeutic !”’Lu-labeled ligands. Fur-
thermore, in-bed injection with concurrent dynamic PET acquisition
was not performed, and because of the short ®Ga half-life, time
points beyond 5 h after injection were not feasible.

CONCLUSION

In mice, PET imaging after intravenous, intraperitoneal, or subcu-
taneous injection of SSTR-. PSMA-, or FAP-directed small radioli-
gands is feasible. Intraperitoneal/subcutaneous administration of
SSTR-ligands resulted in increased absolute tumor and relative
tumor-to-organ uptake compared with intravenous administration,
a finding that may translate into improved tumor irradiation in the
setting of radioligand therapies and warrants further translational
assessment.
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KEY POINTS

QUESTION: Are there alternatives to intravenous injection of
SSTR-, PSMA-, or FAP-directed radioligands?

PERTINENT FINDINGS: In healthy mice, intraperitoneal/
subcutaneous application of small radiotheranostic ligands
resulted in near-equivalent systemic availability and organ
biodistribution at early (1 h) and late (4 h) time points after injection
when compared with intravenous injection. Intraperitoneal/
subcutaneous administration significantly increased absolute
tumor and relative tumor-to-organ uptake in SSTR tumors
(°®Ga-DOTATOC) compared with the intravenous route.

IMPLICATIONS FOR PATIENT CARE: Intraperitoneal/subcutaneous
application is feasible in animal models of small-radioligand imaging
or therapy. Tumor uptake and tolerability of subcutaneous
application warrants assessment in clinical studies.
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Substitution of L-Tryptophan by a-Methyl-L-Tryptophan
in '"Lu-RM2 Results in '"Lu-AMTG, a High-Affinity
Gastrin-Releasing Peptide Receptor Ligand with Improved

In Vivo Stability

Thomas Giinther, Sandra Deiser, Veronika Felber, Roswitha Beck, and Hans-Jiirgen Wester

Chair of Pharmaceutical Radiochemistry, Technical University of Munich, Garching, Germany

Theranostic applications targeting the gastrin-releasing peptide recep-
tor (GRPR) have shown promising results. When compared with other
peptide ligands for radioligand therapy, the most often used GRPR
ligand,  DOTA-Pip®-p-Phe®-GIn’-Trp®-Ala®-Val'®-Gly''-His'2-Sta'3-
Leu"-NH, (RM2), may be clinically impacted by limited metabolic sta-
bility. With the aim of improving the metabolic stability of RM2, we
investigated whether the metabolically unstable GIn”-Trp® bond within
the pharmacophore of RM2 can be stabilized via substitution of L-Trp®
by a-methyl-L-tryptophan (a-Me-L-Trp) and whether the correspond-
ing DOTAGA analog might also be advantageous. A comparative pre-
clinical evaluation of ""’Lu-a-Me-L-Trp®-RM2 ('7"Lu-AMTG) and its
DOTAGA counterpart ('’ Lu-AMTG2) was performed using '"”Lu-RM2
and "7Lu-NeoBOMBH1 as reference compounds. Methods: Peptides
were synthesized by solid-phase peptide synthesis and labeled with
177Lu. Lipophilicity was determined at pH 7.4 (logD- ). Receptor-medi-
ated internalization was investigated on PC-3 cells (37°C, 60 min),
whereas GRPR affinity (half-maximal inhibitory concentration) was
determined on both PC-3 and T-47D cells. Stability toward peptidases
was examined in vitro (human plasma, 37°C, 72 = 2 h) and in vivo
(murine plasma, 30 min after injection). Biodistribution studies were
performed at 24 h after injection, and small-animal SPECT/CT was
performed on PC-3 tumor-bearing mice at 1, 4, 8, 24, and 28 h after
injection. Results: Solid-phase peptide synthesis yielded 9%-15%
purified labeling precursors. '"Lu labeling proceeded quantitatively.
Compared with ""’Lu-RM2, """Lu-AMTG showed slightly improved
GRPR affinity, a similar low internalization rate, slightly increased lipo-
philicity, and considerably improved stability in vitro and in vivo. In
vivo, ""Lu-AMTG exhibited the highest tumor retention (11.45 + 0.43
percentage injected dose/g) and tumor-to-blood ratio (2,702 * 321) at
24 h after injection, as well as a favorable biodistribution profile. As
demonstrated by small-animal SPECT/CT imaging, '"’Lu-AMTG also
revealed a less rapid clearance from tumor tissue. Compared with
77 u-AMTG, ""Lu-AMTG2 did not show any further benefits. Con-
clusion: The results of this study, particularly the superior metabolic
stability of '7’Lu-AMTG, strongly recommend a clinical evaluation of
this novel GRPR-targeted ligand to investigate its potential for radioli-
gand therapy of GRPR-expressing malignancies.
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Radioligand therapy has emerged as a powerful alternative to
conventional treatment options in oncology. This emergence can
be attributed mainly to the success of DOTATOC- and DOTA-
TATE-based theranostics in the case of neuroendocrine tumors and
to prostate-specific membrane antigen (PSMA)-targeted inhibitors
in the case of prostate cancer (1,2). In view of the overexpression
of the gastrin-releasing peptide receptor (GRPR, bombesin-2 recep-
tor) at a high density and frequency already in early stages of pros-
tate cancer (~5,000 disintegrations/min [dpm]/mg of tissue, with
>2,000 dpm/mg being considered clinically relevant) and breast
cancer (~10,000 dpm/mg), GRPR has been identified as a promis-
ing target for both cancer types (3,4).

In a recent study, 50 patients with biochemically recurrent prostate
cancer were examined with either **Ga-PSMA11 or '®F-DCFPyL
PET/CT and additionally with %®Ga-RM2 PET/MRI (where RM2
is DOTA-Pip’-p-Phe’-GIn’-Trp®-Ala’-Val'°-Gly''-His'*-Sta"*-Leu'*-
NH,). Thirty-six lesions were visible only with *Ga-PSMA11/'%F-
DCFPyL PET/CT, and 7 only with ®*Ga-RM2 PET/MRI, which again
suggests a complementary role for GRPR- and PSMA-targeted thera-
nostics (5). Moreover, estrogen receptor—rich breast cancer (estrogen
receptor being expressed in over 80% of all breast cancers), in partic-
ular, shows high GRPR expression, which is retained in 95% of
nodal metastases (6,7). Not surprisingly, successful high-contrast
PET imaging of breast cancer using ®*Ga-NOTA-RM26 or %3Ga-
RM2 has already been described (8,9).

The 2 most promising GRPR-targeted radiopharmaceuticals,
%8Ga-RM2 and *3Ga-NeoBOMBI, have already shown favorable
initial results and are being assessed in phase 1 and 2 clinical studies
(10-13). A first-in-humans study on '”’Lu-RM2 in PSMA-negative/
GRPR-positive prostate cancer revealed encouraging dosimetry data
(14). Nevertheless, limited metabolic stability of some bombesin
derivatives, such as RM2, is well known and caused mainly by the
neutral endopeptidase (Enzyme Commission no. 3.4.24.11), which
reportedly cleaves linear peptides at the N terminus side of hydropho-
bic amino acids (/5). Incubation of '7’Lu-labeled DOTA-4-ami-
nobenzoyl-Gln’- Trp®-Ala’- Val'°- Gly''- His'*- Leu'?-Met'*-NH,
(AMBA) in murine and human plasma in vitro revealed several
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cleavage sites, especially at the C terminus and the GIn’-Trp® site
(16). Similar observations were made in 5 healthy patients, as the
administered °®Ga-RM2 showed only 19% intact tracer in blood
at 65 min after injection (/7). Considering this rather small frac-
tion of intact compound early after injection, a metabolically sta-
bilized RM2 analog could result in improved tumor uptake, tumor
retention, and thus tumor dose. In recent years, many groups
developed bombesin analogs that were modified at the C or N
termini, but not within the pharmacophoric sequence (Gln’-
Trp®-Ala’-Val'’-Gly''-His'?) (18-22).

As we hypothesized that the use of statine (i.c., Sta'®) at the C ter-
minus of RM2 and its derivatives would result in sufficient meta-
bolic stabilization at this part of the molecule, we concluded that
further improvements might be possible by stabilizing the Gln’-Trp®
sequence. For this purpose, we substituted a-methyl-L-tryptophan
(a-Me-L-Trp) for L-Trp® in '7’Lu-RM2 and its DOTAGA analog
(Fig. 1) and evaluated these novel compounds alongside the potent
reference ligands '7’Lu-RM2 and '""Lu-NeoBOMBI. The compara-
tive preclinical evaluation comprises affinity studies (half-maximal
inhibitory concentration, or /Csy) on PC-3 and T-47D cells, quantifica-
tion of receptor-mediated internalization on PC-3 cells, determination
of lipophilicity at pH 7.4 (logD;4), investigations of stability against
peptidases in vitro in human plasma and in vivo in plasma and urine
of mice, and biodistribution studies on PC-3 tumor—bearing mice.

MATERIALS AND METHODS

Chemical Synthesis and Labeling Procedures

RM2 derivatives were prepared via standard Fmoc-based solid-
phase peptide synthesis using H-Rink amide ChemMatrix resin (35- to
100-mesh particle size, 0.4-0.6 mmol/g loading; Merck KGaA). Neo-
BOMBI was synthesized according to a reported procedure (20) and
purified by reversed-phase high-performance liquid chromatography
(RP-HPLC).

Both ™Lu and '""Lu labeling was according to a modified proce-
dure (23). The radiolabeled reference, 3-'2*I-p-Tyr®-MJ9 (Supplemen-
tal Figs. 1 and 2; supplemental materials are available at http://jnm.
snmjournals.org), was prepared according to a reported procedure (24).
A detailed description of the synthesis, labeling, and characterization of
RM2 and its analogs is provided in Supplemental Figures 3—12.

In Vitro Experiments

A detailed description of all cell-based experiments is provided in
the supplemental materials.

Affinity Determinations (ICsy) and Internalization Studies. Com-
petitive binding studies were performed on both PC-3 and T-47D cells
(1.5 X 10° cells in 1 mL/well) via incubation at room temperature for 2 h
using 3-'2I-p-Tyr®-MJ9 (0.2 nM/well) as a radiolabeled reference (1 = 3).
Internalization studies of the '"’Lu-labeled conjugates (1.0 nM/well)
were performed on PC-3 cells (1.5 X 10° cells in 1 mL/well) at 37°C
for 1 h (n = 6). Data were corrected for nonspecific binding (compe-
tition by 107> M "*Ly-RM2).

Determination of Lipophilicity (n-Octanol-Phosphate-Buffered
Saline Distribution Coefficient, logD; ,). Approximately 1 MBq of the
77Lu-labeled compound was dissolved in 1 mL of phosphate-buffered
saline (pH 7.4) and n-octanol (v/v = 1/1). After stirring for 3 min at
room temperature in a vortex mixer and subsequent centrifugation at
9,000 rpm for 5 min (Biofuge 15; Heraeus Sepatech GmbH), 200-pL
aliquots of both layers were measured separately in a y-counter. The
experiment was repeated at least 5 times.

In Vitro Stability Studies. Metabolic stability in vitro was deter-
mined through a procedure published by Linder et al. that was slightly
modified (/6). Immediately after labeling, 200 wL of human plasma were
added and the mixture was incubated at 37°C for 72 = 2 h. Proteins
were precipitated by treatment with ice-cold EtOH (150 p.L) and ice-cold
MeCN (450 pL), followed by centrifugation (13,000 rpm, 20 min). The
supernatants were decanted and further centrifuged (13,000 rpm, 10 min)
using a Costar Spin-X (Corning) centrifuge tube filter (0.45 pwm). The fil-
trated plasma samples were analyzed using radio-RP-HPLC.

In Vivo Experiments

All animal experiments were conducted in
accordance with general animal welfare regu-
lations in Germany (German animal protec-
tion act, as amended on 18.05.2018, article
141G v. 29.3.2017 1 626, approval ROB-
55.2-2532.Vet_02-18-109) and the institutional
guidelines for the care and use of animals.

In Vivo Stability Studies. Approximately
30-40 MBq (1 nmol, 150 pL) of the 7"Lu-
labeled compounds were injected into the tail
vein of anesthetized CB17-SCID mice (n = 3).
After euthanasia at 30 min after injection, blood
and urine samples were collected. Blood
proteins were precipitated by treatment with
ice-cold MeCN (v/v = 1/1), followed by cen-
trifugation (13,000 rpm, 20 min). The super-
natants were decanted and further centrifuged
(13,000 rpm, 10 min) using a Costar Spin-X
centrifuge tube filter (0.45 wm). The filtrated
plasma samples and the urine samples were
analyzed using radio-RP-HPLC.

Biodistribution and Small-Animal SPECT/
CT Imaging Studies. A detailed description

RM2

NeoBOMB1

AMTG

AMTG2

FIGURE 1. Chemical structure of RM2 and its a-Me-L-Trp (a-Me-L-Trp®) modified derivatives
AMTG and AMTG2, as well as reference ligand NeoBOMB1. Structural differences from RM2 are

highlighted in red.
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of tumor inoculation is provided in the sup-
plemental materials. Approximately 2—5 MBq
(100 pmol, 150 wL) of the '7’Lu-labeled GRPR
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ligands were injected into the tail vein of anesthetized (2% isoflurane)
PC-3 tumor-bearing mice (biodistribution, n» = 4; imaging, n = 1).

For biodistribution studies, organs were removed, weighed, and mea-
sured in a y-counter (Perkin Elmer) after euthanasia at 24 h after injection.

Imaging studies were performed on a MILabs VECTor* small-
animal SPECT/PET/optical imaging/CT device (MILabs). Data were
reconstructed using the MILabs Rec software (version 10.02) and a
pixel-based algorithm (similarity-regulated ordered-subsets expecta-
tion maximization), followed by data analysis using PMOD software
(version 4.0; PMOD Technologies LLC). Static images were recorded
att = 1, 4, 8, 24, and 28 h after injection with an acquisition time of
t + (45-60 min) using a high-energy general-purpose rat and mouse
collimator and a stepwise multiplanar bed movement.

For all competition studies, 3.62 mg/kg (40 nmol) of "Lu-RM2
(1073 M in phosphate-buffered saline) were coadministered.

RESULTS

Synthesis and Radiolabeling

Uncomplexed ligands were synthesized via standard Fmoc-based
solid-phase peptide synthesis, yielding 9%—15% of each labeling pre-
cursor after purification by RP-HPLC (chemical purity > 98%, deter-
mined by RP-HPLC at N = 220 nm). Complexation of all ligands
with a 2.5-fold excess of " LuCl; resulted in quantitative yields. The
remaining free Lu*" did not affect the cell-based assay in a brief
competition study (Supplemental Fig. 13); thus, purification before
affinity studies was dispensed with. '**I-iodination of p-Tyr®-MI9
by means of the lodo-Gen (Pierce Biotechnology, Inc.) method
resulted in 3-'2°[-p-Tyr®-MJ9 with radiochemical yields of 33%—48%
and radiochemical purities of more than 98% after RP-HPLC
purification. !7’Lu labeling of all compounds was performed manually,
each resulting in quantitative radiochemical
yields, radiochemical purities of more than

in vitro (66.2% = 5.1% vs. 61.9% = 2.1%), only 38.7% = 9.3%
intact '7’Lu-RM2 was found after incubation in human plasma at
37°Cfor 72 = 2 h (Fig. 2; Supplemental Fig. 14).

In Vivo Characterization

In vivo stability in murine plasma at 30 min after injection was
highest for ""Lu-AMTG (92.9% = 0.7% intact tracer). Again,
slightly decreased metabolic stability was observed for '”’Lu-Neo-
BOMBI (75.9% *+ 0.6%) and '""Lu-AMTG2 (77.6% *+ 3.1%),
whereas '”’Lu-RM2 was quite unstable (11.4% *+ 3.7%). In addition
to these findings, '7"Lu-AMTG and '"7Lu-AMTG2 were excreted
into the urine at 30 min after injection, predominantly as intact
tracers (68.2% = 3.1% and 61.6% = 1.6%, respectively) (Fig. 2;
Supplemental Figs. 15 and 16). Interestingly, after injection of
7"Lu-RM2 and '7"Lu-NeoBOMBI, radioactivity appeared in the
urine almost quantitatively in the form of their metabolites (0.5% =
0.1% vs. 3.9% = 1.3% intact tracer).

Biodistribution studies on PC-3 tumor—bearing mice were per-
formed at 24 h after injection (Table 1). !”’Lu-RM2 and its deriva-
tives showed low activity levels in most organs at 24h after
injection, indicating a rapid clearance from nontumor tissue, as is
especially important for blood and GRPR-positive organs such as
pancreas and intestine. !”’Lu-NeoBOMBI showed increased activ-
ity levels in several nontumor organs at 24 h after injection, partic-
ularly in lung, liver, spleen, pancreas, intestine, and adrenals.
Bone uptake was slightly enhanced for '”’Lu-RM2, a finding that
was attributed to incomplete labeling (radiochemical yield, ~95%;
chromatogram not shown) and thus free '”’LuCl;. Tumor retention
was comparable for all compounds except !”’Lu-AMTG, which
exhibited distinctly increased values at 24 h after injection (7.2-8.5 vs.

98%, and molar activities of 40 = 10 GBq/
wmol. All 7"Lu-labeled ligands were used
without further purification. 51

A

In Vitro Characterization

In vitro data on the examined bombesin-
based ligands are summarized in Figure 2
and Supplemental Table 1. The cold counter-
part of 3-'2-p-Tyr®-MJ9 showed an ICs, 1]
of 1.3+ 04 nM on PC-3 cells. The ™Lu- Z
labeled compounds exhibited /Cs, values
in a range of 3.0-4.7 on PC-3 cells and
1.0-4.6nM on T-47D cells. '""Lu-a-Me-L-
Trp®-RM2 (Lu-AMTG) and '7’Lu-RM2
were internalized by PC-3 cells within 1h
in similar amounts (3.03% = 0.18% wvs.
2.92% * 0.20%). '7"Lu-DOTAGA-a-Me-L-
Trp®-RM2  (""7Lu-AMTG2) (5.88% *
0.33%) and '"’Lu-NeoBOMBI (13.91% =+
0.64%) were taken up in higher amounts.

ICsq (NM)

PC-3

Fraction intact tracer (%) ©

[l

=

Internalized activity (%)

T47D

Whereas the distribution coefficients (logD- 4)
were quite similar for '”’Lu-RM2 and its ana-
logs (—2.3 to —2.5), ’Lu-NeoBOMBI was
considerably more lipophilic (—0.57 = 0.03).
The highest amounts of intact compound
in vitro in human plasma were found for
TLu-AMTG (77.7% * 8.7%). Whereas
77Lu-AMTG2 and '"’Lu-NeoBOMBI
exhibited only a slightly reduced stability

using 3-'2°1-p-Tyr®-MJ9
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FIGURE 2. Preclinical data of "¥"""Lu-RM2 (red), """7Lu-NeoBOMB1 (gray), """ Lu-AMTG
(green), and "™'77Lu-AMTG2 (blue). (A) Affinity data on PC-3 and T-47D cells (1.5 X 10° cells/mL/well)

(0.2 nM/well) as radiolabeled reference (2 h, room temperature, Hanks’ bal-

anced salt solution plus 1% bovine serum albumin [v/v]). (B) GRPR-mediated internalization (0.25
pmol/well) on PC-3 cells as percentage of applied activity (incubation at 37°C for 1 h, Dulbecco modi-
fied Eagle medium/F-12 plus 5% bovine serum albumin [v/v], 1.5 X 10° cells/mL/well). Data were cor-
rected for nonspecific binding (1072 M "™*Lu-RM2). (C) Lipophilicity at pH 7.4 (logD-.4). (D) Metabolic
stability in vitro in human plasma (left) (37°C, 72 = 2 h; n = 4), and metabolic stability in vivo in murine
plasma (middle) and murine urine (right) at 30 min after injection (1 = 3). Data are expressed as mean =+
SD. Metabolic stability of 7”Lu-RM2 derivatives was determined in vitro and in vivo.
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TABLE 1
Biodistribution of 177Lu-RM2, '"7Lu-NeoBOMB1, '""Lu-AMTG, and """Lu-AMTG?2 in Selected Organs at
24 Hours After Injection in PC-3 Tumor-Bearing CB17-SCID Mice (100 pmol Each)

7Lu-AMTG 77Lyu-AMTG2

competition competition
Organ 77Ly-RM2 1771 u-NeoBOMBH1 TLy-AMTG study 77Lu-AMTG2 study
Blood 0.012 + 0.001 0.057 + 0.027 0.004 + 0.001 0.003 + 0.000 0.011 + 0.000 0.002 + 0.001
Heart 0.06 = 0.00 0.10 = 0.03 0.02 = 0.00 0.02 + 0.01 0.03 = 0.02 0.02 + 0.01
Lung 0.10 = 0.02 0.43 = 0.00 0.04 + 0.01 0.27 + 0.15 0.05 + 0.01 1.18 = 1.49
Liver 0.45 = 0.03 1.60 + 0.62 0.14 = 0.03 1.40 + 0.86 0.32 = 0.14 0.74 = 0.44
Spleen 0.20 *= 0.02 1.94 + 0.97 0.10 * 0.02 2.97 + 2.01 0.15 *= 0.07 1.06 + 1.08
Pancreas 0.43 = 0.06 8.48 + 0.92 0.56 = 0.30 0.05 = 0.03 0.95 = 0.14 0.07 = 0.01
Stomach 0.19 = 0.06 1.29 + 0.12 0.10 = 0.04 0.04 * 0.02 0.12 = 0.03 0.04 = 0.01
Intestine 0.22 + 0.04 0.85 = 0.05 0.20 = 0.10 0.27 * 0.21 0.30 + 0.04 0.34 + 0.35
Kidney 1.79 * 0.05 1.90 + 0.72 1.16 + 0.20 117 + 0.26 1.87 + 0.27 1.63 + 0.44
Adrenal 0.80 = 0.16 3.44 + 0.25 0.46 * 0.22 0.09 = 0.07 0.26 = 0.14 0.03 = 0.02
Muscle 0.011 + 0.011 0.010 + 0.005 0.005 + 0.003 0.003 + 0.002 0.003 + 0.003 0.003 + 0.002
Bone 1.31 + 0.56 0.20 + 0.06 0.05 * 0.02 0.05 + 0.03 0.22 + 0.05 0.02 + 0.01
Tumor 8.45 + 0.19 7.23 + 0.91 11.45 + 0.43 0.33 = 0.20 7.97 = 1.34 0.36 = 0.25

Data are mean %ID/g *+ SD (n = 4). Competition studies (mean *+ SD, n = 3) were performed by coinjection of "*Lu-RM2 (3.62 mg/kg).

11.5 percentage injected dose per gram; %ID/g). Not surprisingly,
7"Lu-AMTG showed the highest tumor-to-background ratios at 24 h
after injection. The tumor-to-blood ratio of 7’Lu-AMTG (2,702 *
321) was almost 4 times higher than that of '"’Lu-RM2 and '7’Lu-
AMTG2 and approximately 15 times higher than that of '7’Lu-Neo-
BOMBI (Supplemental Table 2).

Small-animal SPECT/CT studies with !”’Lu-RM2 and '"’Lu-
AMTG at 1, 4, 8, 24, and 28 h after injection in PC-3 tumor—
bearing mice revealed low background activity for both tracers at
4 h and beyond and, for '"’Lu-AMTG, considerably higher activ-
ity in both tumor and pancreas (Fig. 3). For both tracers, specific-
ity of tumor uptake was confirmed via competition experiments
with an excess of ™Lu-RM2 (Table 1; Supplemental Fig. 17).

DISCUSSION

With regard to radioligand therapy, the 2 most promising GRPR
ligands, *®Ga-RM2 and *®Ga-NeoBOMBI, present some disadvan-
tages: ®®Ga-RM2 suffers from rapid metabolic degradation (17),
which is why tumor accumulation and tumor dose for !”’Lu-RM2
are likely limited as well—especially important in the context of
radioligand therapy. In contrast, !”’Lu-NeoBOMBI, which exhibits
a higher metabolic stability in vivo, shows enhanced activity reten-
tion in tumor tissue but also in blood (/9). This characteristic
results in unfavorable dosimetry and higher doses to the red bone
marrow (25). With the aim of retaining the excellent pharmacoki-
netics of RM2, we substituted the unnatural amino acid a-Me-L-Trp
for the metabolically less stable Gln’-Trp® sequence of '7"Lu-RM2
and its DOTAGA analog and compared these new ligands with
77Lu-RM2 and '""Lu-NeoBOMBI as references.

Synthesis was easily accessible via solid-phase peptide synthesis,
and complexation with "™Lu or '""Lu proceeded quantitatively.

GRPR LiGANDS FOR RADIOLIGAND THERAPY ¢

tumor-bearing CB

24 hp.

FIGURE 3. Maximume-intensity projection of PC-3 tumor-bearing CB17-
SCID mice injected with '""Lu-RM2 and '"’Lu-AMTG (100 pmol each).
Images were acquired at 1, 4, 8, 24, and 28 h after injection into PC-3
tumors (arrows). p.i. = after injection.
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All 4 compounds contain a similar pharmacophore typical of
bombesin analogs, resulting in high affinities that were in the range
of ICsy values reported for "™In-RM2 (9.3 nM), several "Ga-
RM26 derivatives (2.3-10.0 nM), "*Ga-NeoBOMBI (2.5 nM), and
SB3 (3.5nM) (18,19,21,26). Apart from "™'Lu-AMTG2, higher cel-
lular uptake of 3-">’I-p-Tyr®-MJ9, as well as slightly higher /Cs,
values on PC-3 cells than on T-47D cells, was observed (Supple-
mental Figs. 18 and 19). These findings were attributed to an
increased number of receptors on PC-3 cells.

We could show that a-Me-L-Trp—for—L-Trp® and DOTAGA-
for-DOTA substitution had only minimal impact on GRPR affin-
ity, lipophilicity (logD;4), and receptor-mediated internalization,
demonstrating that these modifications might allow the in vivo
kinetics of '77Lu-RM2 to be kept almost unaffected. In contrast,
higher internalization levels and lipophilicity already indicate the
in vivo limitations of !’’Lu-NeoBOMBI.

Besides retaining the favorable in vitro data of '”’Lu-RM2, the
primary aim of this study was to chemically stabilize the GIn-Trp
bond to potentially improve its longtime behavior in vivo. Com-
parative stability studies in vitro and in vivo, as well as the result-
ing biodistribution profiles, substantiated our working hypothesis
of addressing the major metabolic instability at the GIn-Trp site
in RM2 and other bombesinlike compounds. Both !""Lu-AMTG
and "Lu-AMTG?2 exhibited equal or even
increased amounts of intact compound in

nontumor organs, with the highest values obtained for the kidneys
(1.2-1.9 %ID/g). Both compounds were cleared mostly intact (Sup-
plemental Fig. 16), a finding that could favor ”’Lu-AMTG and
"Lu-AMTG2 over '""Lu-RM2 and '"’Lu-NeoBOMBI, as charged
metabolites tend to be taken up by and retained in the kidneys. Most
importantly, the activity concentration in the blood and in the GRPR-
positive pancreas was low for all '”’Lu-RM2 analogs at 24 h after
injection (<0.01 and <1 %ID/g, respectively), which we considered
another prerequisite for successful translation into humans.

In contrast, '”’Lu-NeoBOMBI1 displayed enhanced activity in
most nontumor organs and thus the lowest tumor-to-background
ratios in most organs, especially in blood, liver, spleen, pancreas,
and adrenals, a finding that was also observed by other groups
(19,25). The biodistribution profiles confirmed our concerns about
increased lipophilicity and internalization rates. It might be specu-
lated that retention in the GRPR-positive pancreas could be caused
by a partial agonistic behavior observed in our internalization
study, since GRPR agonists such as PESIN or AMBA that exhibit
internalization rates of more than 25% at 1 h in vitro typically
show a slow clearance from the pancreas over time (28,29).

Although reduced internalization might have other causes, the
high structural similarity of '"’Lu-AMTG/!7"Lu-AMTG?2 to the
known GRPR antagonist '"7Lu-RM2 and the comparably low

human plasma in vitro and in murine A i
plasma and urine in vivo, in comparison
with the 2 references. For ®®Ga-RM2 and B |
7TLu-NeoBOMBI, the fraction of intact é 104
tracer in murine blood was reported to be g ]
55% (15 min after injection) (27) and s %
90% (30 min after injection) (19), respec- :gz 5 _
tively, which are lower than the value we g ]
determined for '7’Lu-AMTG (30 min after 8
injection). g. 4-:

Unlike Linder et al. in a stability study =
on '""Lu-AMBA (I6), we observed fewer 2?7
metabolites for each ligand after incubation 0 _
in human plasma (Supplemental Fig. 14), > & & g o o & & & @ 4
as can be explained by the C terminus ‘390 Sl ch\QP @é}& ,@6@9 &g?@ {l&\ ?&é\ ,39% 3 &&Qp
modifications present in each of the 4 com- < t A
pounds tested in this study. Popp et al. B
observed 1 major and 2 minor metabolites 23085
for ®8Ga-RM2 in murine plasma at 15 min o 3,000 ]
after injection (27), whereas we detected E ]
only 1 major and 1 minor metabolite for © 2,500
"77Lu-RM2 at 30 min after injection. This § 1
difference could be due either to our analysis 54000
method or to the effect reported by Linder cc."g’ 1500_'
et al. that the minor metabolites can be fur- S |
ther metabolized to yield the major metabo- 5 1,000 -
lite, the longer the circulation in vivo takes g 1
place. B e

Not surprisingly, increased metabolic sta- 0_: - -
bility observed in human and murine plasma & & & & @ 2Y > & @
fort¥77Lu-AMTG resulted in a 35%phigher o & I %‘?\ef ,boé& %\06@& \,\\@"@ @i}& Vi*é\ \S“"‘P &
activity level in PC-3 tumor for !""Lu- >

AMTG than for '7"Lu-RM2 at 24 h after
injection (Fig. 4). Both '7"Lu-AMTG and
177Lu-AMTG2 exhibited excellent clearance
kinetics and thus low activity levels in
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FIGURE 4. (A) Biodistribution of '”"Lu-RM2 (red) and '""Lu-AMTG (green) in selected organs at 24 h
after injection in PC-3 tumor-bearing CB17-SCID mice (100 pmol each). Data are %ID/g, mean = SD
(n = 4). (B) Tumor-to-background ratios for selected organs for "’Lu-RM2 (red) and '"’Lu-AMTG
(green) at 24 h after injection in PC-3 tumor-bearing CB17-SCID mice. Data are mean = SD (n = 4).
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FIGURE 5. Graphic comparison of tumor-to-background ratios for
selected organs for '""Lu-RM2 (red), '"“Lu-NeoBOMB1 (gray), '""Lu-
AMTG (green), and """Lu-AMTG (blue). Biodistribution studies were per-
formed at 24 h after injection in PC-3 tumor—bearing CB17-SCID mice.
Data are mean = SD (n = 4).

internalization pattern observed in our studies are strong indicators
of antagonistic behavior by these new compounds. This assump-
tion is further corroborated by rapid pancreatic clearance within
24 h after injection and the resulting favorable biodistribution pro-
files. Evidence was also provided by small-animal SPECT/CT
scans with '”’Lu-RM2 and '""Lu-AMTG over time, both of which
showed high tumor retention and fast clearance from nontumor
organs, even the GRPR-positive pancreas. It is noteworthy that
clearance from pancreas and tumor was less rapid for '"’Lu-
AMTG, confirming our hypothesis on increased metabolic stabil-
ity in vivo generated by a simple modification at the Trp® site.
Thus, it is not surprising that tumor-to-background ratios for
77Lu-AMTG were highest in all organs, except for the tumor-to-
muscle ratio (Fig. 5).

Regarding dose-limiting organs in the context of radioligand ther-
apy, the excellent tumor-to-kidney and tumor-to-blood ratios make
77Lu-AMTG a highly attractive alternative to '”’Lu-RM2 (30). In
fact, ""Lu-AMTG seems to synergistically combine the advantages
of "Lu-RM2 and ""Lu-NeoBOMBI regarding pharmacokinetics
and stability while simultaneous offering the best GRPR affinity,
both on PC-3 cells and on T-47D cells. Thus, a clinical assessment
(e.g., clinical phase I study) with '7’Lu-AMTG seems warranted.

In summary, we were able to successfully introduce an a-Me-L-
Trp—for—L-Trp® substitution within the pharmacophore of '7’Lu-RM2
that not only resulted in a new tracer (\”’Lu-AMTG) with compara-
ble affinity, internalization, and lipophilicity but also resulted in con-
siderably improved metabolic stability. Hence, improved tumor
uptake and pharmacokinetics superior to those of the parent peptide,
77 u-RM2, or the second reference compound, '7’Lu-NeoBOMBI,
were observed for '""Lu-AMTG. A noteworthy finding is that
improved metabolic stability was achieved without coadministration
of peptidase inhibitors (27), such as phosphoramidon; this finding
could facilitate clinical translation. It seems legitimate to conclude
that other bombesin derivatives published in recent years, which have
been modified at the N or C terminus but not at the unstable dipeptide
sequence GIn’-Trp® (20-22), would also benefit from an a-Me-L-
Trp—for-L-Trp® substitution. Nevertheless, studies on prostate and
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breast cancer patients have to be performed to show whether these
promising preclinical results are reflected on a clinical level.

CONCLUSION

We could demonstrate that the new !”’Lu-RM2 derivative '”’Lu-
AMTG offers better overall preclinical performance than '7’Lu-
RM2 or 7’Lu-NeoBOMBI. On the basis of these results, a clinical
translation of "7Lu-AMTG is highly recommended to assess a
potential improved therapeutic value for radioligand therapy of
GRPR-expressing malignancies, such as prostate and breast cancer.
In addition, we expect that substitution of L-amino acids by their
corresponding a-alkyl-L-amino acid analogs could also be a valuable
approach to stabilize the pharmacophore of other peptidic ligands
that suffer from insufficient stability in vivo.
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KEY POINTS

QUESTION: Is it possible to overcome the major limitation of
177Lu-RM2, its metabolic instability, with regard to future
GRPR-targeted radioligand therapy by means of a tiny
modification without negatively influencing overall
pharmacokinetics?

PERTINENT FINDINGS: Substitution of L-Trp® by a-Me-L-Trp® in
the pharmacophoric sequence of "’Lu-RM2 retains the favorable
tracer pharmacokinetics while enhancing metabolic stability,
making '7’Lu-AMTG a highly promising novel GRPR-targeted
radiopharmaceutical for radioligand therapy.

IMPLICATIONS FOR PATIENT CARE: Although the clinical value
of """Lu-AMTG has to be determined in clinical studies, this study
could open new possibilities for complementary treatment of
prostate and breast cancer.
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The clinical course for patients with neuroendocrine neoplasms (NENSs)
ranges from indolent to highly aggressive. Noninvasive tools to improve
prognostication and guide decisions on treatment are warranted.
Expression of urokinase plasminogen activator receptor (UPAR) is pre-
sent in many cancer types and associated with a poor outcome. There-
fore, using an in-house—developed UPAR PET tracer [®Ga]Ga-NOTA-
Asp-Cha-Phe-D-Ser-D-Arg-Tyr-Leu-Trp-Ser-OH ((3Ga-NOTA-AE105),
we aimed to assess UPAR expression in NENs. We hypothesized that
UuPAR expression was detectable in a significant proportion of patients
and associated with a poorer outcome. In addition, as uPAR-targeted
radionuclide therapy has previously proven effective in preclinical mod-
els, the study would also indicate the potential for uPAR-targeted radio-
nuclide therapy in NEN patients. Methods: In a prospective clinical
phase |l trial, we included 116 patients with NENs of all grades, of
whom 96 subsequently had uPAR PET/CT performed with evaluable
lesions. PET/CT was performed 20 min after injection of approximately
200 MBq of ®3Ga-NOTA-AE105. uPAR target-to-liver ratio was used to
define lesions as uPAR-positive when lesion SUV,y s,—to-liver SUV nean
ratio was at least 2. Patients were followed for at least 1 y to assess pro-
gression-free and overall survival. Results: Most patients had small
intestinal NENs (n = 61) and metastatic disease (n = 86). uPAR-positive
lesions were seen in 68% (n = 65) of all patients and in 75% (n = 18) of
patients with high-grade (grade 3) NENs. During follow-up (median,
28 mo), 59 patients (62%) experienced progressive disease and 28
patients (30%) died. High uPAR expression, defined as a uPAR target-
to-liver ratio above median, had a hazard ratio of 1.87 (95% ClI,
1.11-3.17) and 2.64 (95% ClI, 1.19-5.88) for progression-free and over-
all survival, respectively (P < 0.05 for both). Conclusion: When %Ga-
NOTA-AE105 PET was used to image uPAR in patients with NENs,
uPAR-positive lesions were seen in most patients, notably in patients
with both low-grade and high-grade NENs. Furthermore, uPAR expres-
sion was associated with a worse prognosis. We suggest that uPAR
PET is relevant for risk stratification and that uPAR may be a promising
target for therapy in patients with NENs.

Key Words: urokinase plasminogen activator receptor (UPAR);
neuroendocrine neoplasms; PET; prognosis; molecular imaging
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Neuroendocrine neoplasms (NENs) originate from the neuro-
endocrine cells and are found primarily in the gastrointestinal tract,
pancreas, and lungs. The clinical course for patients diagnosed with
NENSs ranges from indolent to highly aggressive. The origin of the
primary tumor, presence of metastases, tumor morphology, and pro-
liferation activity (i.e., Ki-67) are known prognostic factors. Patients
are stratified by the World Health Organization (WHO) classification
into neuroendocrine tumor (NET) grade 1 (G1) (Ki-67, <3%), NET
grade 2 (G2) (Ki-67, 3%—-20%), NET grade 3 (G3) (Ki-67, >20%
and well differentiated), and neuroendocrine carcinoma (NEC) (Ki-
67, >20% and poorly differentiated) (/). To further improve prognos-
tication and guide decisions on treatment, noninvasive monitoring of
tumor markers may be useful. PET is ideally suited for this task, as
different specific radiotracers may be applied to visualize whole-body
expression of tumor markers noninvasively. In NENs particularly,
radiotracers for somatostatin receptor expression (e.g., **Cu-DOTA-
TATE or ®®Ga-DOTATATE) and glucose metabolism (‘**F-FDG) are
useful for diagnosis, prognostication, and therapy selection (2,3). In
addition, peptide receptor radionuclide therapy (PRRT) with, for
example, '""Lu-DOTATATE targeting somatostatin receptors is
approved for low-grade NENs, whereas lower somatostatin receptor
expression in high-grade NENs can limit its application.

Urokinase plasminogen activator receptor (uPAR) is a promising
diagnostic and prognostic biomarker, as well as a target for therapy,
and has been extensively investigated in several cancer entities (4).
uPAR is anchored to the cell membrane on the surface and localizes
the proteolytic activity of its ligand, urokinase plasminogen activator
(uPA). In normal tissues, uPAR expression is limited; however, in
cancer, uPAR expression is upregulated. Apart from uPA, uPAR
also interacts with other proteins, among them the integrin family of
membrane proteins. Collectively, uPAR is involved in promoting
cell proliferation, motility, invasion, proteolysis, and angiogenesis
(4-6). Because of its integral role in cancer, our group has developed
the PET radiotracer [**Ga]Ga-NOTA-Asp-Cha-Phe-D-Ser-D-Arg-
Tyr-Leu-Trp-Ser-OH (8 Ga-NOTA-AE105) using a high-affinity
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antagonist for uPAR (7-9). Safety and biodistribution were investi-
gated in a phase I study, also showing accumulation of °®Ga-NOTA-
AE105 in primary tumors and metastases, as well as correlation with
uPAR expression in excised tumor samples (7). Recently, we
reported that ®*Ga-NOTA-AE105 uPAR PET is able to discriminate
between low-risk and intermediate-risk profiles in prostate cancer
(10). Furthermore, we have previously shown a high efficacy of
uPAR-targeted PRRT in preclinical trials in prostate and colorectal
cancers (/1,12). Thus, uPAR, being a marker of aggressive disease,
may show upregulation in high-grade NENs and provide a target for
PRRT in these patients.

The aim of this phase II clinical trial of ®®Ga-NOTA-AE105
PET/CT in patients with NENs was to assess tumor uptake and
clinical outcome. We hypothesized that uPAR PET/CT with %®Ga-
NOTA-AE105 would show accumulation in NENs and that the
uptake of the uPAR tracer would be associated with progression-
free survival (PFS) and overall survival (OS).

MATERIALS AND METHODS

Patients

Patients with histologically confirmed NENs were included from
the Department of Endocrinology (managing low-grade NENSs; Ki-67,
=20%) and the Department of Oncology (managing high-grade
NENSs; Ki-67, >20%) at Copenhagen University Hospital-Rigshospi-
talet between November 1, 2017, and May 29, 2020. Rigshospitalet is
a certified Neuroendocrine Tumor Center of Excellence by the Euro-
pean Neuroendocrine Tumor Society. The study was conducted in
accordance with the Helsinki Declaration and good clinical practice.
The study was approved by the Danish Medicines Agency (EudraCT
2017-002312-13), the Scientific Ethics Committee (H-17019400), and
the Danish Data Protection Agency (2012-58-0004) and was registered
on clinicaltrials.gov (NCT03278275).

Eligible patients were more than 18 y old, able to read and under-
stand the patient information in Danish, and able to give informed
consent. They had to have a diagnosis of a gastroenteropancreatic
NEN of any grade or a bronchopulmonary NEN and have a WHO per-
formance status of 0-2. Patients were excluded if they were pregnant
or breast-feeding, had a body weight of more than 140 kg, had a his-
tory of allergic reaction to compounds of similar chemical or biologic
composition to **Ga-NOTA-AE105, or—in cases of bronchopulmo-
nary NENs—had small cell lung cancer as the subtype. After written
informed consent had been obtained, the patients were referred to
undergo **Ga-NOTA-AE105 PET/CT at the first given opportunity.

Image Acquisition

Data were acquired using a Biograph 128 mCT PET/CT device (Sie-
mens Medical Solutions) with an axial field of view of 216 mm. On the
basis of the previous phase I trial (7), the scan was acquired 20 min after
intravenous administration of approximately 200 MBq of *®*Ga-NOTA-
AE105. The tracer was produced as previously described (7). Whole-
body PET scans (middle of orbita to middle of thigh) were acquired with
a time of 4 min per bed position. Attenuation- and scatter-corrected PET
data were reconstructed iteratively using a 3-dimensional ordinary Pois-
son ordered-subset expectation-maximization algorithm including point-
spread function and time-of-flight information using the TrueX algorithm
(Siemens Medical Solutions); the settings were 2 iterations, 21 subsets,
and a 2-mm gaussian filter. A diagnostic CT scan was obtained before the
PET scan, with a 2-mm slice thickness, 120 kV, and a quality reference of
225 mAs modulated by the Care Dose 4D automatic exposure control sys-
tem (Siemens Medical Solutions). An automatic injection system was
used to administer 75 mL of an iodine-containing contrast agent (Optiray
300; Covidien) for arterial- and venous-phase CT.
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TABLE 1

Baseline Characteristics of Patients with NENs (n = 96)

Characteristic Data

Median age (y) 6 (range, 34-82)

Sex
Female 9 (41%)
Male 7 (59%)
Site of primary tumor
Small intestine 61 (64%)
Pancreas 15 (16%)
Colon 10 (10%)
Lung 6 (6%)
Esophagus 1 (1%)
Stomach 2 (2%)
Rectum 1 (1%)
Metastatic disease 86 (90%)
Liver metastases 73 (76%)
Median Ki-67 7 (range, 1-100)
WHO grade
NET G1 1 (22%)
NET G2 51 (53%)
NET G3 9 (9%)
NEC 15 (16%)

Median time from diagnosis to uPAR
PET/CT (mo)

25 (range, 0.5-265)

Primary tumor resected 37 (39%)
Ongoing treatment at uPAR
PET/CT scan time*
Somatostatin analog 70 (73%)
Interferon 8 (8%)
Carboplatin or etoposide 19 (20%)
Capecitabine/5-fluorouracil 6 (6%)
Streptozotocin 5 (5%)
Temozolomide 2 (2%)
Everolimus 2 (2%)

Completed treatment before uPAR PET/CT*

On first line of therapy 45 (47%)
PRRT 28 (29%)
Temozolomide 6 (6%)
Capecitabine/5-fluorouracil 6 (6%)
Streptozotocin 5 (5%)
Carboplatin or etoposide 10 (10%)
Everolimus or sunitinib 2 (2%)
Interferon 6 (6%)
Liver radiofrequency ablation 5 (5%)
or embolization
Resection of liver metastases 4 (4%)

*Some patients had received more than one treatment;
therefore, number of treatments exceed number of patients.

Data are number followed by percentage in parentheses, unless
otherwise indicated. Percentages were rounded and may not add
up to 100%.

September 2022



TABLE 2
Proportion of Patients with uPAR PET-Positive Tumors by WHO Grade

Parameter G1(n=21)

G2 (n = 51)

G83 (n = 24) Overall (n = 96)

uPAR PET-positive 12 (57%)

35 (69%)

18 (75%) 65 (68%)

Data are number followed by percentage in parentheses. uPAR TLR was used to define lesions as uPAR-positive when lesion
SUVhax—to-normal-liver SUV ean Was =2. Of patients with G3, 8 of 9 NET G3 and 10 of 15 NEC were uPAR PET-positive.

Image Analysis

An experienced board-certified nuclear medicine physician together
with an experienced board-certified radiologist analyzed side by side the
PET/CT scans. The readers were masked to patient data. Lesions were
identified on CT and/or PET. SUV was calculated as decay-corrected
measured radioactivity concentration/(injected activity/body weight). If
more than one lesion was present in an organ, the lesion with the highest
%8Ga-NOTA-AE105 SUV,,,x was noted. If no uPAR-positive lesions
were identified, but lesions were visible on CT, the largest lesion (based
on viable tumor) on CT was used as a guide for delineation on the PET
scan and SUV,. was determined. Physiologic liver uptake was
assessed in all patients’ normal liver tissue, preferable on the right side
of the liver, avoiding major blood vessels. To standardize measurement
of uPAR expression within and between patients, uPAR target-to-liver
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FIGURE 1. Representative examples of uPAR PET/CT imaging. CT (left
column) and uPAR PET (right column) are shown for 4 patients (patients
A-D) with high- and low-grade NENS. Top of individual scale bar corre-
sponds to SUV s of tumor. Pt. #A: Bronchopulmonary NEC (Ki67: 24%).
Pt. #B: Orbital metastasis from small intestine NET G2 (Ki-67: 5%); Pt. #C:
Large liver metastasis from pancreatic NET G2 (Ki-67: 5%). Pt. #D: Large
intramuscular metastasis from primary colon NEC (Ki-67: 90%). BP =
bronchopulmonary; SI = small intestine; pNET = pancreatic NET.

ratio (TLR) was used to define a lesion as uPAR-positive when lesion
SUV nax—to—normal-liver SUV .., ratio was at least 2.

Follow-up

The patients were followed at the Rigshospitalet Neuroendocrine
Tumor Center of Excellence with regular visits, including clinical exam-
ination, blood samples, and imaging (CT, MR, ultrasound, or PET/CT).
The frequency was in accordance with European Neuroendocrine
Tumor Society guidelines (/3). Follow-up for endpoints was performed
on July 8, 2021. Routine CT or MRI was used for evaluation of PFS in
accordance with RECIST, version 1.1 (/4). PFS was calculated as time
from uPAR PET/CT to, if any, progression or death from any cause. If
no progression or death from any cause occurred within the follow-up,
the patient was censored at the time of the last available diagnostic imag-
ing. OS was calculated as time from uPAR PET/CT to death by any
cause. As all but 2 deaths were directly related to NENs, we refrained
from analyzing disease-specific survival. Patients alive at follow-up
were censored to the day of follow-up, that is, July 8, 2021.

Statistics
Sample size was based on previous studies of prognostic markers in
patients with NENs (/5,16), where a 1-y follow-up of 100 patients

TABLE 3
Treatment After uPAR PET/CT (n = 96)
Treatment Data
Somatostatin analog 74 (77%)
Interferon 6 (6%)
PRRT 27 (28%)
Capecitabine/5-fluorourocil 10 (10%)
Everolimus or sunitinib 12 (13%)
Temozolomide 8 (8%)
Carboplatin or etoposide 11 (11%)
Streptozotocin 3 (3%)
Topotecan 2 (2%)
Docetaxel 2 (2%)
Irinotecan 1 (1%)
Surgery 9 (9%)
Liver embolization 7 (7%)
Liver radiofrequency ablation 2 (2%)
External radiation 11 (11%)

Some patients had received more than one treatment;
therefore, number of treatments exceeds number of patients. Data
are number followed by percentage in parentheses.
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grade NEN (NET G1/G2) and patients with
high-grade NEN (NET G3 and NEC)
(Table 2). Representative examples of
uPAR PET are shown in Figure 1 and Sup-
plemental Fig. 1 (supplemental materials
are available at http:/jnm.snmjournals.org).

Follow-up

The median follow-up time after uPAR
PET/CT was 28 mo. During follow-up, 59
(62%) patients experienced progressive
disease (median, 17.3 mo) and 28 patients
(30%) died. The patients’ treatments after
uPAR PET/CT are shown in Table 3.

0 3 6 9 121518212427 3033 36 39 42
Time (mo)
Number at risk Number at risk

mmm 48 46 40 37 28 23 18151311 7 4 2 1 1
W 48 40363129211514 7 4 3 1 1 1 0

0 3 6 9 1215182124 27 30 33 36 39 42
Time (mo)

mmm 48 48 48 46 45 41 38 3327 231914 9 4 4
mmm 48 47 46 41 39 37 3329201610 4 3 2 2

Treatment with a somatostatin analog was
the most frequent (77%, 74/96), and 28%
(27/96) of patients underwent PRRT dur-
ing follow-up.

FIGURE 2. Kaplan-Meier plots of OS and PFS using 58Ga-NOTA-AE105 uPAR PET. uPAR TLR

was dichotomized at median (TLR, 2.47).

was sufficient to detect significant differences in PFS and OS among
groups (with a risk of type I error of 0.05 and power of 0.8). To
account for dropouts, 116 patients were included. Continuous varia-
bles are reported as mean * SD or median with range. Kaplan—Meier
analyses were used to estimate time to outcome (PFS and OS) and
inverse Kaplan—Meier for median follow-up time. We used the Cutoff
Finder application to determine the optimal cutoff for uPAR TLR
(17). Univariate and multivariate Cox regression analyses for OS and
PES, with predictor variables of uPAR TLR and WHO grade, were
performed. A P value of less than 0.05 was considered statistically sig-
nificant. R, version 3.6.0 (R Foundation for Statistical Computing),
was used for the analyses.

RESULTS

Patients and Image Acquisition

We prospectively included 116 patients, 17 of whom did not
undergo uPAR PET/CT (worsening of disease, n = 5; withdrawal of
consent, n = 5; death before uPAR PET/CT, n = 4; impossibility of
performing uPAR PET/CT because of coronavirus disease 2019
restrictions, n = 3). Of 99 patients scanned with uPAR PET/CT, 96
had evaluable lesions (failure of uPAR PET/CT because of a technical
issue, n = 1; lack of visible lesions on either CT or PET, n = 2).
Patient demographic data for the study cohort (n = 96) are given in
Table 1. Most patients had small intestinal NENs (64%, 61/96), and
90% (86/96) had metastatic disease. Also, patients with high-grade
disease were well represented in the cohort, with 9% NET G3 (9/96)
and 16% NEC (15/96).

Patients were injected with a median of 17.2 pg (range,
8.7-39.8 ng) of ®Ga-NOTA-AE105, and the activity was 194
MBq (range, 104236 MBq). The time from injection to the PET
scan was a median of 22 min (range, 18-38 min). One patient
experienced an adverse event (mild nausea), which was deemed
unrelated to °8Ga-NOTA-AEI105 injection. No serious adverse
events were recorded.

Image Analysis

Tracer uptake in normal liver tissue was used as a reference for
tumor uptake. The mean (*£SD) normal-liver SUV ., was 1.50 =
0.39. uPAR-positive lesions were seen in both patients with low-
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PFS and OS

uPAR TLR as a continuous variable was
significantly associated with PFS, with an
HR of 1.27 (95% CI, 1.02-1.60; P
0.04). For OS, uPAR TLR as a continuous marker was borderline-
significant, with an HR of 1.37 (95% CI, 0.98-1.92; P = 0.06).
TLR was then dichotomized at the median value (2.47) for
Kaplan—Meier analyses (Fig. 2). Median OS was not reached in
the group with low uPAR expression (TLR < median) and was
32.1 mo (95% CI, 23.8—upper limit not reached) in the group with
high uPAR expression (TLR = median). Median PFS was 22.1
mo (95% CI, 14.7—upper limit not reached) in patients with low
uPAR expression and 14.1 mo (95% CI, 11.4-22.4) in patients
with high uPAR expression. uPAR TLR dichotomized at median
was significantly associated with PFS and OS; patients with high
uPAR expression had a significantly worse prognosis (Tables 4
and 5). Other cutoffs were evaluated using Cutoff Finder, shown
in Supplemental Figure 2. When a lower cutoff for TLR (1.32)
was used, a smaller group of patients (» = 10) with no or a very
low risk of death or progression could be identified (Fig. 3).
Patients with NET G3 and NEC had significantly worse PFS and
OS than patients with NET G1, whereas no difference was seen
between NET G2 and NET Gl (Tables 4 and 5). In multivariate
analyses including uPAR expression and WHO classification, both
remained significantly associated with PFS, whereas uPAR
expression had a borderline-significant association with OS (P =
0.06) when we controlled for WHO grade.

DISCUSSION

Our major finding in this prospective phase II study of *®Ga-
NOTA-AE105 uPAR PET was that uPAR expression was seen in
most patients with both low-grade and high-grade NENs. Further-
more, high uPAR expression was associated with a worse progno-
sis with regard to both PFS and OS. These findings imply that
uPAR could be an attractive target for therapy both because of the
availability of the target in patients with NENs and because of the
possibility of specifically targeting the lesions associated with a
poorer prognosis.

The role of uPA and uPAR in cancer has been extensively
investigated in the last few decades, and it is well established that
higher uPAR expression is associated with tumor growth, inva-
siveness, and metastatic spread, although this has not been
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TABLE 4
Uni- and Multivariate Cox Regression Analyses for PFS

Univariate Cox

Multivariate Cox

PFS HR P HR P
uPAR TLR*
Low Reference - Reference -
High 1.87 (1.11-3.17) 0.02 1.75 (1.02-2.99) 0.04
WHO grades
NET G1 Reference Reference
NET G2 1.21 (0.57-2.55) 0.62 1.26 (0.59-2.66) 0.55
NET G3 4.16 (1.52-11.36) <0.01 3.56 (1.29-9.82) 0.01
NEC 4.26 (1.82-9.95) <0.001 4.43 (1.89-10.39) <0.001

*Dichotomized at median (2.47).
HR = hazard ratio.
Data in parentheses are 95% Cls.

thoroughly investigated in patients with NENs (/8). Accordingly,
several therapies targeting uPA and uPAR are undergoing investi-
gation, such as a uPAR antibody (huATN-658) (/9) and a serine
protease inhibitor targeting uPA (upamostat) (20). However, none
of these therapies has yet been approved for clinical use.

Patients with NENs have highly varying aggressiveness of dis-
ease. The primary tumor site, presence of metastases, and WHO
classification are important prognostic markers and used to guide
selection of treatment (27). Our group and others have shown that,
in addition, low somatostatin receptor density as determined by
64Cu-DOTATATE PET and high glucose metabolism as deter-
mined by '8F-FDG PET are prognostic factors (2,3,16,22). With
the concept of tailored treatments, specific tumor markers are used
to guide eligibility for targeted treatments. This concept has seen
widespread implementation in the treatment of patients with
NENSs, with somatostatin receptor imaging being used as a com-
panion to screen for eligibility for somatostatin receptor—targeted
therapy with !”’Lu-DOTATATE. In a randomized trial of patients

receiving 7’Lu-DOTATATE compared with a high dose of cold
somatostatin analog treatment, the former group had significantly
fewer deaths, a longer PFS, and an 18% response rate (23). One
drawback of targeting somatostatin receptor—expressing tumors is
the fact that lower expression of somatostatin receptors is seen
with less differentiated and more aggressive tumors (24). In con-
trast, uPAR expression is particularly seen in lesions showing
tumor growth, invasiveness, and metastatic capability. Previously,
our group has investigated uPAR expression by immunohisto-
chemical staining of primary tumor or metastasis from patients
with NEN G3 (Ki-67, >20%), showing uPAR expression in stro-
mal or tumor cells in 16 of 21 (76%) patients (25). However, to
the best of our knowledge, expression of uPAR in patients with
low-grade NENs has never been studied in situ but has been stud-
ied only indirectly by measurement of soluble uPAR (suPAR) in
serum (26). suPAR is the cleaved version of the membrane-bound
uPAR and may thus be measured as a circulating uPAR bio-
marker. The study reported higher levels of suPAR in NEN

TABLE 5
Uni- and Multivariate Cox Regression Analyses for OS

Univariate Cox

Multivariate Cox

oS HR P HR P
uPAR TLR*
Low Reference - Reference -
High 2.64 (1.19-5.88) 0.02 2.23 (0.96-5.20) 0.06
WHO grades
NET G1 Reference - Reference -
NET G2 1.40 (0.29-6.76) 0.67 1.59 (0.33-7.70) 0.56
NET G3 9.94 (2.00-49.52) 0.01 7.82 (1.55-39.44) 0.01
NEC 15.55 (3.49-69.37) <0.001 17.09 (3.80-76.81) <0.001
*Dichotomized at median (2.47).
HR = hazard ratio.
Data in parentheses are 95% Cls.
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patients than in healthy controls, as well as elevated levels of suPAR
in both patients with low-grade disease and patients with high-grade
disease. However, no association between suPAR levels and OS
was seen. Contrary to that study, using PET to visualize uPAR
expression at the tumor level is a more direct approach, making it
possible to identify the lesions with the greatest uPAR expression
and their location. Also, the expression pattern of uPAR has previ-
ously been shown to be heterogeneous, with uPAR being highly
expressed at the margin of the tumor and thus locally promoting tis-
sue invasion and seeding of metastases, a hallmark of cancer (27).
In support of this observation, we found that high uPAR expression
on PET was associated with a worse prognosis, both with regard to
PFS and with regard to OS. In line with our previous observations
in patients with NEC and the data on suPAR in NENs, we found
uPAR expression to be present in both low-grade and high-grade
NENSs. Hence, uPAR-targeted treatment may be relevant in patients
with NENs of all grades. Our observations on uPAR expression
should be viewed in light of the fact that the patients included in
this study had mainly small intestinal or pancreatic primary tumors
with metastatic disease and were previously treated.

A potential innovative perspective is to combine uPAR PET
imaging and uPAR PRRT as a theranostic pair, hence using uPAR
PET to assess eligibility for uPAR-targeted therapy. We have pre-
viously shown a high efficacy of uPAR PRRT in preclinical mod-
els of human prostate and colorectal cancer (/7,12); however,
further studies are warranted to assess the use of uPAR PRRT
within NENs. The first step toward uPAR PRRT for NENs was to
provide evidence for a high and specific uptake of our uPAR-
targeting radioligand and the prognostic implications in NENS, as
done in the present study.

CONCLUSION

uPAR expression assessed by ®*Ga-NOTA-AE105 PET is seen
in most patients with both low-grade and high-grade NENs, and
high uPAR expression is associated with a worse prognosis with
regard to both PFS and OS. Collectively, this finding points to
uPAR as a relevant target to pursue for risk stratification and pos-
sibly also for targeted therapy in patients with NENS.
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KEY POINTS

QUESTION: Is uPAR expression seen in patients with NENs and
associated with prognosis?

PERTINENT FINDINGS: Using ®®Ga-NOTA-AE105 for uPAR PET/
CT imaging, we saw UPAR expression in most NEN patients,
including both high-grade and low-grade NENs. Furthermore,
increased UPAR expression, both as a continuous variable and
dichotomized at median, was associated with increased hazard
for progression of disease and death.

IMPLICATIONS FOR PATIENT CARE: uPAR PET imaging may
be useful for risk stratification in patients with NENs. Furthermore,
uPAR may be a possible treatment target given the expression of
uPAR across patients with both high-grade and low-grade NENs
and given that uPAR expression is associated with a poor
outcome.
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The aims of this multicenter study were to identify clinical and preop-
erative PET/CT parameters predicting overall survival (OS) and distant
metastasis—free survival (DMFS) in a cohort of head and neck squa-
mous cell carcinoma patients treated with surgery, to generate a prog-
nostic model of OS and DMFS, and to validate this prognostic model
with an independent cohort. Methods: A total of 382 consecutive
patients with head and neck squamous cell carcinoma, divided into
training (n = 318) and validation (n = 64) cohorts, were retrospectively
included. The following PET/CT parameters were analyzed: clinical
parameters, SUVax, SUVmean, Metabolic tumor volume (MTV), total
lesion glycolysis, and distance parameters for the primary tumor and
lymph nodes defined by 2 segmentation methods (relative SUV jax
threshold and absolute SUV threshold). Cox analyses were performed
for OS and DMFS in the training cohort. The concordance index
(c-index) was used to identify highly prognostic parameters. These
prognostic parameters were externally tested in the validation cohort.
Results: In multivariable analysis, the significant parameters for OS
were T stage and nodal MTV, with a c-index of 0.64 (P < 0.001). For
DMFS, the significant parameters were T stage, nodal MTV, and maxi-
mal tumor-node distance, with a c-index of 0.76 (P < 0.001). These
combinations of parameters were externally validated, with c-indices
of 0.63 (P<0.001) and 0.71 (P <0.001) for OS and DMFS, respec-
tively. Conclusion: The nodal MTV associated with the maximal
tumor-node distance was significantly correlated with the risk of
DMFS. Moreover, this parameter, in addition to clinical parameters,
was associated with a higher risk of death. These prognostic factors
may be used to tailor individualized treatment.

Key Words: head and neck cancer; PET/CT; prognosis; overall sur-
vival; distant metastasis
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The therapeutic management of head and neck squamous cell
carcinoma (HNSCC) is based on surgery, radiotherapy, and medical
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treatments, alone or in combination, according to the prognosis esti-
mated by the American Joint Committee on Cancer (AJCC) staging
system (/).

Despite therapeutic progress and the updating of the AJCC stag-
ing system, the prognosis of HNSCC patients remains poor be-
cause of a high recurrence rate (30%-40%) (2).

18E_.FDG PET/CT reveals the metabolic activity of a tumor (gly-
colysis) in addition to strict anatomic extent. This examination is
now commonly used to assess the extent of HNSCC (3) and for
posttreatment follow-up (4). The effectiveness of '8F-FDG PET/CT
parameters as prognostic biomarkers appears to be a promising
research path for multiple tumor locations (5—7), without additional
cost, time, or radiation dose (8). However, fewer data are available
for HNSCC patients treated with surgery, although more than half
of patients are treated with primary resection. These patients are
mostly included in small numbers in the same group of analyses as
patients treated with radiochemotherapy, who have different clinical
and histologic profiles.

Moreover, whereas visual analysis is sufficient for diagnosis,
staging, and the detection of recurrence, quantification appears nec-
essary for the prediction of patient outcome (5). The SUV .y is the
most widely used parameter in clinical practice, but it corresponds
only to the maximal pixel value in the tumor. More recently, volu-
metric '®F-FDG PET/CT parameters—that is, metabolic tumor vol-
ume (MTV) and total lesion glycolysis (TLG), which consider
overall tumor uptake—were developed. Moreover, studies on lung
cancers introduced the concept of disease solidity (9, /0), which con-
sists of measuring disease spread by computing the relationship
between the volume of the main tumor and all secondary nodes with
respect to the volume of their convex hull (/7,72). This concept has
never been analyzed for HNSCC, and volumetric metabolic parame-
ters have never been incorporated into this concept. Nonetheless,
computing these parameters requires delineating the tumor. One of
the most commonly chosen segmentation methods consists of using a
threshold set at 41% of the SUV .., (13). Although there are no consis-
tent data for using this specific threshold to compute MTV (14), few
studies have compared different thresholds for MTV or TLG.

Eventually, the lack of '8F-FDG PET/CT acquisition parameter
standardization between institutions (/5) could affect the generali-
zation of the existing data, as most of the studies published so far
have been monocentric.
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In this context, the aims of the present study were to identify
clinical and preoperative PET/CT parameters predicting overall
survival (OS) and distant metastasis—free survival (DMFS) in an
initial cohort of HNSCC patients treated with surgery, to gener-
ate a prognostic model of OS and DMFS, and to validate this
prognostic scoring system with a second independent cohort of
patients.

MATERIALS AND METHODS

Inclusion Criteria

All consecutive patients treated with primary surgery for HNSCC
between January 1, 2010, and March 31, 2018, at 3 French hospital cen-
ters were retrospectively reviewed.

The inclusion criteria were as follows: 18 y of age or older, no history
of cancer, histologically proven HNSCC, preoperative PET/CT, and a
minimal follow-up of 3 mo.

Patients with carcinoma of unknown primary syndrome, nasopharyn-
geal, cutaneous, and salivary gland squamous cell carcinoma, discovery
of distant metastases at the initial extension assessment, SUV .., for the
primary tumor of less than 3, and tumor volume of less than 4 mL were
systematically excluded from the study.

Access to the oncologic network databases was approved by the
institutional ethics committees and by the French National Commis-
sion for Data Protection and Liberties (CNIL no. 2211146) and was in
accordance with the 1964 Helsinki Declaration and its later amend-
ments or comparable ethics standards. Confidentiality was assured for

all participants regarding any personal responses and information pro-
vided, as all data collected were anonymized.

Patient Characteristics and Treatment Results

Of the 3,877 patients reviewed, 557 were eligible for the study and
382 were finally included (Fig. 1).

All patients underwent tumor resection that could be associated
with neck dissection according to the clinical and radiologic preopera-
tive stages. Postoperative radiotherapy was performed with or without
chemotherapy in patients with a high risk of locoregional recurrence.

Physical examination and laryngoscopy were performed every 3 mo
for the first 2 y, every 6 mo for the next 3 y, and then annually. The
database was locked on August 31, 2019.

The entire cohort was divided into a training cohort from Rennes
and Brest, including 318 patients, and a validation cohort from Nantes,
including 64 patients.

PET/CT Acquisition

All patients underwent '8F-FDG PET/CT for staging before surgical
treatment. The PET/CT acquisition parameter data are summarized in
Supplemental Table 1 (supplemental materials are available at http://
jnm.snmjournals.org).

PET/CT Analysis
For each patient, the gross tumor volume (GTV) of the primary tumor
(GTV) and the GTV of the lymph nodes (GTV) were manually seg-
mented on each PET/CT scan by the same experienced investigator
(radiation oncologist), who referred to the nuclear radiologist report.
This delineation step was performed on axial,
coronal, and sagittal sections using MIM Soft-

Assessed for screening (n = 3,877)
+ Rennes hospital center (n = 1,780)
+ Nantes hospital center (n = 1,178)
+ Brest hospital center (n = 919)

[ Screening ]

ware SVVRTMIMSI (version 6.7; MIM Soft-
ware Inc.), with a CT window set from —160
to 240 Hounsfield units and a PET window set
from 0 to 5 SUV. A region of interest (ROI)
was then computed by adding a 3-dimensional

(n=387)

(n=773)

Excluded (n = 3,320)

+ Post-operative PET/CT (n = 1,275)
+ History of HNSCC (n = 834)

+ Radiochemotherapy treatment

¢ Other localizations or histologies

¢ PET/CT unavailable for
quantitative analysis (n = 51)

margin of 5 mm to the GTV of the primary
tumor (ROI-T) and the GTV of the lymph
nodes (ROI-N). All lymph nodes were included
in the same unique ROI.

A set of quantitative parameters based on
SUV histograms were extracted from ROI-T
and ROI-N on PET images using the Quant-

A

] Eligibility (n = 557)

+ Rennes hospital center (n = 197)
+ Nantes hospital center (n = 82)
+ Brest hospital center (n = 278)

[ Enroliment

Image web service (16). SUV ,ax Was first com-
puted from ROI-T as the SUV,,. in the
delineated volume. Various metabolic volumes
were subsequently defined on the basis of 2 seg-
mentation methods: an absolute threshold of the

SUV (ranging from 0 to 20, with steps of 0.5) or

Excluded (n = 175)
+ Follow-up <3 mo (n = 14)
+ SUVmax <3 mo and/or tumor

volume <4 mL (n = 56)

+ CUP syndrome (n = 38)

+ PET/CT metadata incompatible
with the analysis platform (n = 67)

a relative threshold of the SUV,,,, (ranging
from 0% to 100%, with steps of 1%). Metabolic
intensity parameters were computed using the
2 segmentation methods at each threshold for
both ROI-T and ROI-N. Relative thresholds

A
Analyzed (n = 382)

+ Rennes hospital center (n = 138)
+ Nantes hospital center (n = 64)

+ Brest hospital center (n = 180)

[ Analysis ]

i

for ROI-N were computed on the basis of the
SUVnax of the primary tumor. The MTV was
computed as the metabolic volume of the seg-
mented region in milliliters. If there were several
nodes, then the MTV for nodes corresponded to
the sum of the MTVs of each node. The TLG

Training cohort (n = 318)
+ Rennes hospital center (n = 138)
+ Brest hospital center (n = 180)

Validation cohort (n = 64)
+ Nantes hospital center (n = 64)

was computed as SUV can X MTV of the corre-
sponding delineated region.
Tumor spread, also called disease solidity

FIGURE 1. Flowchart. CUP = carcinoma of unknown primary.
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(9), was analyzed by computing various dis-
tance measures between the barycenter of the
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TABLE 1
Univariable Cox Analyses for OS in Training Cohort*

Parameter HRT c-index P
Clinical
Age, iny 1.011 (0.99-1.03) 0.509 0.28
Sex
Female Reference
Male 1.51 (0.89-2.6) 0.53 0.12
Tobacco use
No Reference
Yes 2.13 (1.11-4.1) 0.52 0.02
Alcohol use
No Reference
Yes 1.34 (0.99-4.1) 0.55 0.1
PS
0-1 Reference
2 2.65 (1.07-6.5) 0.52 0.03
T classification
cT1-cT2 Reference
cT3-cT4 2.01 (1.4-2.9) 0.61 0.003
N classification
cNO Reference
cN1 1.19 (0.69-2.05) 0.53 0.5
cN2 1.13 (0.75-1.7) 0.53 0.5
cN3 2.32 (0.83-6.45) 0.53 0.1
AJCC staging
| Reference
Il 2.17 (0.89-5.3) 0.575 0.09
11l 3.11 (1.36-7.1) 0.575 0.007
1\ 2.59 (1.24-5.4) 0.575 0.01
Tumor site
Oral cavity Reference
Hypopharynx 1.81 (1.08-3.03) 0.55 0.02
Larynx 1.29 (0.78-2.15) 0.55 0.3
Oropharynx 1.26 (0.75-2.12) 0.55 0.4
Metabolic data*
Tumor metabolic data
SUVmax 1.004 (0.988-1.021) 0.54 0.58
MTV at 23% of SUV nax 1.02 (1.01-1.03) 0.64 <0.001
MTV at SUV of 2.5 1.01 (1.001-1.014) 0.61 0.038
TLG at 21% of SUVpax 1.001 (1.00-1.01) 0.61 0.04
TLG at SUV of 1.5 1.001 (1.000-1.002) 0.61 0.038
Node metabolic data
MTV at 21% of SUVax 1.007 (1.001-1.013) 0.566 0.014
MTV at SUV of 3.0 1.010 (1.000-1.019) 0.563 0.014
TLG at 21% of SUVpax 1.001 (1.000-1.002) 0.564 0.02
TLG at SUV of 3.0 1.001 (1.000-1.002) 0.551 0.036
Maximal tumor—node distance 1.04 (0.99-1.1) 0.57 0.08
dst_TBarycenterN 1.08 (1.01-1.16) 0.58 0.02

*There were 116 deaths.

TValues in parentheses are 95% Cls.

*For PET parameters, data are given only for absolute and relative thresholds with highest c-index values.

PS = performance status; dst_TBarycenterN = distance between tumor and barycenter of all node metastases.
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Hazard ratlo for overall survival (multivariable analysls)

Subgroup Parameters Mo, of patients (%) HR [CI95] P value
cT stage T1-T2 165 (52} l Reference
Ta-T4 153 (48) |—I—{ 2[1.35292] <=0.001
MTV N (SUV=3) 318 (100) * 1.011 [1.002-1.021] 0.018"
—t
05 1 2 3

FIGURE 2. Parameters significantly affecting OS in training cohort in
multivariable analysis (humber of deaths = 116; c-index = 0.64).

main tumor (ROI-T) and the barycenter of each nodal metastasis (ROI-
N) or of all nodal metastases (16).

Statistical Analysis

OS was calculated from the day of surgery to the date of death
from any cause. Patients alive at the time of analysis were censored at
the date of last follow-up.

DMEFS was calculated from the day of surgery to the date of first
distant progression or to the date of death.

Follow-up was calculated using reverse Kaplan—Meier estimation.
Both DMFS and OS estimations were computed using the Kaplan—-Meier
method, and a 2-sided log-rank test was used to compare the groups.

The analyses were performed as suggested in the TRIPOD state-
ment (/7).

In the first step, the analysis was performed only on the training
cohort. The association of the pretreatment parameters with OS and
DMFS was first assessed using univariable Cox analyses. We used the
inverse probability of censoring weighting version of the concordance
index (c-index). Significant parameters were identified (P < 0.05), and
Harrel’s c-index was calculated (/8). The c-index was used to

determine the optimal SUV threshold giving the most predictive
value for each PET parameter with a P value of <0.1.

Factors with a P value of <0.1 and with the highest c-index after
univariable analyses were assessed with the multivariable Cox regres-
sion model using backward elimination. Variables were removed from
the model if the P value was >0.1. Multivariable Cox analyses were
performed to identify the significant parameters and the standardized
coefficients of the prognostic model.

In the second step, the Cox prognostic models were used to com-
pute the prognostic index for the patients in the validation cohort, and
the corresponding c-index of each model was computed.

On the basis of this model, a nomogram was built to estimate the
individual OS and DMFS probabilities at 24 mo.

Two types of validation of the prognostic model were performed. In
the first step, an internal validation for the patients in the training
cohort was performed by the bootstrap method (1,000 datasets con-
structed by random resampling with replacement from the original).
This method was used to estimate the adjusted c-index and the 95%
CI of each parameter. In the second step, the B-coefficients from the
training model were applied to the external validation cohort, and the
corresponding c-index was computed.

All analyses were performed using R software 3.4.0 (R Foundation
for Statistical Computing).

RESULTS

Patient Outcomes

The median OSs for the training and validation cohorts were 63
mo (95% CI, 51 to not reached) and 91 mo (95% CI, 34 to not
reached), respectively (P = 0.79). For the entire cohort, the 2-y OS
rate was 75% (95% CI, 70%—80%). For the entire cohort, 35.34%
died and 12.83% developed metastases. Among the patients who
died, 36.30% had metastases. The patient, tumor, treatment, and
follow-up characteristics of the training and validation cohorts are
shown in Supplemental Table 2.

Identification of Cox Model for Predicting OS in
Training Cohort
The results of the univariable analysis are shown in Table 1.
The retained significant parameters from the multivariable analysis
were T stage and MTV for nodes with a threshold of 3 (Fig. 2).
The c-index of the model was 0.64
(P <0.001). The hazard ratios (HRs) of the

26 30 corresponding Cox model are presented in

Points

T3-T4

T Stage
T1-T2

MTV ymph

Figure 2, allowing the calculation of a prog-
nostic index (OS probability) for each
patient. On the basis of the Cox model, a
nomogram was computed (Fig. 3).

Identification of Cox Model for
Predicting DMFS in Training Cohort

node (in mL) 0 20 40 &0 &0 100 120

The results of the univariable analysis
are shown in Table 2.
The retained significant parameters from

140 160 180

Total points

the multivariable analysis were T stage,
MTV for nodes with a threshold of 3, and
maximal tumor—node distance (Fig. 4). The
c-index of the model was 0.76 (P < 0.001).

35 40 45

24-mo OS probability

08 0.7 0.6 05 0.4 03

0.2 o The HRs of the corresponding Cox model

FIGURE 3. Nomogram for predicting OS at 24 mo. For each PET parameter, corresponding points
were obtained by drawing line upward from corresponding values to “Points” line. Total points for
each patient were obtained by summing points for each individual factor in nomogram and were
plotted on “Total points” line. Line was drawn downward to read corresponding predictions of

24-mo OS.
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are presented in Figure 4, allowing the cal-
culation of a prognostic index (DMFS prob-
ability) for each patient. On the basis of the
Cox model, a nomogram was computed

(Fig. 5).
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TABLE 2

Univariable Cox Analyses for DMFS in Training Cohort*

Parameter HRT c-index P
Clinical
Age, iny 1.020 (0.990-1.051) 0.540 0.197
Sex
Female Reference
Male 1.861 (0.738-4.694) 0.532 0.188
Tobacco
No Reference
Yes 2.112 (0.760-5.874) 0.533 0.152
Alcohol
No Reference
Yes 1.111 (0.634-1.945) 0.517 0.714
PS
0-1 Reference
2 0.963 (0.133-6.988) 0.502 0.970
T classification
cT1-cT2 Reference
cT3-cT4 6.795 (1.981-23.334) 0.660 0.002
N classification
cNO Reference
cN1 1.432 (0.530-3.874) 0.638 0.479
cN2 3.034 (1.518-6.088) 0.638 0.002
cN3 3.851 (1.072-13.827) 0.638 0.039
AJCC staging
| Reference
Il 1.389 (0.196-9.865) 0.595 0.742
1] 3.116 (0.647-15.006) 0.595 0.156
[\ 4.513 (1.089-18.708) 0.595 0.038
Tumor site
Oral cavity Reference
Hypopharynx 1.946 (0.914-4.140) 0.578 0.084
Larynx 0.875 (0.374-2.049) 0.578 0.759
Oropharynx 1.094 (0.507-2.361) 0.578 0.818
Metabolic data
Tumor metabolic data
SUVmax 1.040 (1.010-1.072) 0.617 0.009
MTV at 15% of SUVax 1.026 (1.016-1.036) 0.709 < 0.0001
MTV at SUV of 4.0 1.033 (1.020-1.046) 0.720 0.0000005
TLG at 21% of SUVyax 1.003 (1.002-1.005) 0.720 <0.0001
TLG at SUV of 4.0 1.003 (1.002-1.004) 0.714 0.0000008
Node metabolic data
MTV at 21% of SUVax 1.011 (1.000-1.021) 0.694 0.04
MTV at SUV of 3.0 1.016 (1.007-1.026) 0.693 0.0002
TLG at 21% of SUVpax 1.002 (1.001-1.003) 0.698 0.004
TLG at SUV of 3.0 1.002 (1.001-1.026) 0.694 0.0006
Distance parameters
Maximal tumor-node distance 1.177 (1.092-1.269) 0.679 0.00002
dst_MTVweightedSumDistTN 1.002 (1.001-1.004) 0.696 0.00003
dst_MTVweightedMaxDistTN 1.003 (1.001-1.006) 0.68 0.01

*There were 51 patients with distant metastases.
TValues in parentheses are 95% Cls.

dst_MTVweightedSumDistTN = sum of distances weighted by respective MTVs of metastases; dst_MTVweightedMaxDistTN =
metastasis remoteness weighted by MTV of corresponding metastasis.

1382  THE JoURNAL OF NUCLEAR MEDICINE + Vol. 63 « No.9 + September 2022



Hazard ratio for Is free survival | lable
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FIGURE 4. Parameters significantly affecting DMFS in training cohort in
multivariable analysis (number of patients with distant metastasis = 51;
c-index = 0.76).

Internal and External Validations of Prognostic Model

After internal bootstrap validation, the adjusted c-indices were
estimated to be 0.63 (P = 0.0002) and 0.74 (P < 0.001) for OS and
DMES, respectively. The 95% Cls for the coefficients of the param-
eters of the model are shown in Supplemental Table 3 (OS) and Sup-
plemental Table 4 (DMFS). Internal calibration showed a good
adjustment between the predicted and observed OS and DMFS at
24 mo (Supplemental Fig. 1). The B-coefficients from the training
model were applied to the external validation cohort, achieving
c-indices of 0.63 (P <<0.001) and 0.71 (P <<0.001) for OS and
DMFS, respectively.

DISCUSSION

To our knowledge, this is the first study presenting an *F-FDG
PET/CT-based prognostic model including the concept of tumor
dispersion to stratify the risks of distant metastases and death in

patients with HNSCC treated with surgery. In this multicentric
study of 382 patients, we demonstrated that the integration of pre-
treatment PET quantitative imaging features and conventional
clinical prognostic factors enables the identification of patients
with a high risk of distant relapse or death.

Patients with the same stage and type of tumor could respond dif-
ferently to the same treatment and eventually have different out-
comes (19). As we observed in the present study, stage cN was not
correlated with OS, and the AJCC stage had a lower c-index than
PET/CT volumetric and distance parameters (Tables 1 and 2). This
result is consistent with reports in the literature for patients with
HNSCC treated with radiochemotherapy (20). Indeed, among 470
patients with p16-negative oropharyngeal cancer treated with radio-
chemotherapy, the c-index of the PET prognostic model based on
SUV entropy and asphericity was significantly higher than that of
clinical parameters (Eastern Cooperative Oncology Group score,
O’Sullivan stage, and AJCC stage), achieving c-indices of 0.75 ver-
sus 0.57 (P < 0.001) for the Eastern Cooperative Oncology Group
score, 0.58 (P < 0.001) for the O’Sullivan classification, and 0.57
(P <0.001) for the ATCC stage (21).

These new prognostic factors should allow better identification
of patients with HNSCC at high risk of recurrence after surgery,
with the aim of improving the therapeutic strategy through “per-
sonalized medicine” (22), based on characteristics inherent to each
patient and not on population-based risk assessments such as stag-
ing (23).

The first PET parameter to be analyzed was the SUV ., (24).
Although easy to use in routine clinical practice, this '*F-FDG PET/
CT parameter is now increasingly being seen as unreliable as a prog-
nostic factor (5, /4). Indeed, in the present study, the SUV ,,, was
not correlated with OS or DMFS in the multivariable analysis. In a
cohort of 162 patients with oral cavity carcinoma treated with sur-
gery, pretreatment MTV and TLG were both independent predictive
factors for OS (HR, 2.64 [95% CI, 1.35-5.21] [P = 0.005]; and HR,
3.30 [95% CI, 1.50-7.24] [P = 0.003]), whereas SUV ., was not
(HR, 1.92 [95% CI, 0.92-3.96] [P = 0.080]) (25). In a systematic
review of the prognostic value of PET parameters for patients with
surgically treated HNSCC, MTV or TLG was found to have a higher
prognostic value than SUV ., (14).

Nevertheless, to be used, these volumetric parameters need a
specific delineation (5). Four techniques can be used: a threshold

of the SUV (absolute [all voxels with an

. g 5 it 15 0 25 10 SUV greater than x], relative [greater than

Feints 1% of SUV 4], or adaptive) or gradient-

based, clustering, or statistical methods. No

TET4 consensus has currently been found (26).

T:Stage T However, it has been demonstrated that the

results vary greatly depending on the seg-

R mentation technique used, much greater than
Maximal distance . - . . P . ; ; ; ; S . T .

T-M {in em) 0 1 2 3 4 5 6 7 & 6 10 11 12 13 14 the interoperator variability during con-

touring (27). We chose to use the inten-

Wit i sity threshol.d. thanks .to its availability in

node {in mL) o 20 20 &0 a0 100 120 120 180 180 nuclear medicine services and because our

objective was to edit a prognostic model for

patients with surgically treated HNSCC

Total polnts 05 10 15 20 25 30 35 40 45 S0 35 60 &5 usable in routine clinical practice. However,

we decided to explore a wide range of contin-

S disiasi uous thresholds from 0% to 100% of the

free survival probability ggs 093 08 085 08 07 06 05 04 03 02 04 SUVmax and from 0 to 20 of the SUV and

FIGURE 5. Nomogram for predicting DMFS at 24 mo.

PET ProcgNosTic MoDEL FOR HNSCC

not be restricted to the usual threshold of
41% of the SUV .. Indeed, the limits of this
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threshold have already been displayed in patients with HNSCC treated
with radiochemotherapy (20,28). To our knowledge, no study has ana-
lyzed different threshold values with such precise segmentation in
patients treated with surgery. We demonstrated that the MTV of the
primary tumor computed with a relative threshold of 23% was signifi-
cantly associated with OS, with a c-index of 0.64 (P <<0.001). This
relative threshold is lower than the threshold of 41% currently used.
These data are consistent with the threshold that has been demon-
strated in patients with locally advanced HNSCC treated with radio-
therapy (35% of the SUV ax) (29,30). Conversely, in cancers of the
cervix, among 89 patients treated with radiochemotherapy, a
threshold of 50% of the SUV ,,x was most significantly corre-
lated with recurrence-free survival (c-index, 0.752; HR, 1.065;
P <0.001) (37). Therefore, it appears that the threshold value used
for the delineation of the tumor must be adapted to the tumor loca-
tion and to the prognostic data sought. Indeed, in the present study,
to predict DMFS and OS, lower thresholds (15%-25% of the SUV-
max) seem to be more relevant. Despite the fact that we performed
an external validation, because of the difference from the threshold
of 41% used routinely, an additional validation of these thresholds
by other groups would be interesting.

In addition to the volume parameters, the tumor dispersion param-
eters also seemed to be promising, especially for the DMFS (Fig. 4).
This notion suggests that the quantitative imaging feature that exam-
ines spatial dispersion of the disease may also be relevant for prog-
nosis (9,32). Indeed, the parameter of maximum distance between
the tumor and the lymph node remained correlated with DMFS in
multivariable analysis (HR, 1.12 [95% CI, 1.03—1.21]). For non—
small cell lung cancers, the addition of distance parameters to the
conventional model with prognostic factors alone yielded a signifi-
cant improvement in the likelihood ratio test (P = 0.007) (9).

The present study had some limitations. First, the fact that the
analysis was retrospective may have had an impact regarding the
diagnosis of distant metastases. We only included patients with a
minimal follow-up of 3 mo, to exclude deaths due to surgical com-
plications (not related to oncologic evolution). Second, the impact
of the heterogeneity of the work flows of acquiring '8F-FDG PET/
CT images on the data resulting from the quantification is the sub-
ject of debate (15,26,33). However, we developed a multicenter
study with different acquisition parameters and performed an exter-
nal validation of the prognostic model in an independent population
of HNSCC patients. Although the prognostic value of p16 status in
oropharyngeal cancer has already been demonstrated (34), it was
excluded due to a lack of data. Besides, quantitative analyses from
8F_FDG PET/CT revealed carbohydrate metabolic hyperactivity in
tumor cells, named the Warburg effect (35). However, some of the
cN3 stages and voluminous tumors have a necrotic central part,
which is therefore not considered during the extraction of '3F-FDG
PET/CT parameters, which underestimates the tumor volume.
Other radiotracers, such as '3F-fluoromisonidazole and '®F-fluoroa-
zomycinarabinoside, could then be used; these have already demon-
strated their potential prognostic interest in terms of OS (36) but are
not yet used in clinical practice. Conversely, in case of contact
between the primary tumor and an involved lymph node, an overes-
timation of the tumor volume may be calculated because of the
inclusion of the lymph node tumor volume in the metabolic volume
of the primary tumor. An SUV ., of less than 3 and a tumor vol-
ume of less than 4 mL were excluded to avoid high variability in a
very small volume. Finally, we exclusively investigated PET/CT
imaging; however, PET/MRI analyses also seem to be interesting
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in prognostic terms, although they are very rarely performed in
HNSCC oncology (37).

CONCLUSION

The volumetric and distance parameters appeared to be indepen-
dent prognostic factors in terms of OS and DMFS, with higher
c-indices than the clinical parameters currently used.

By integrating them into a prognostic model, we could be able
to identify HNSCC patients at higher risk of distance relapse
(metastasis/DMFS) and death. These patients could then receive
early therapeutic intensification to improve their prognosis.
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KEY POINTS

QUESTION: The aim of this study was to identify clinical and
preoperative PET/CT parameters predicting OS and DMFS in a
cohort of HNSCC patients treated with surgery.

PERTINENT FINDINGS: In this retrospective multicentric study of
382 patients, the nodal MTV associated with the maximal distance
between the primary tumor and the lymph node or with clinical
parameters was significantly correlated with a higher risk of distant
metastasis or death, respectively.

IMPLICATIONS FOR PATIENT CARE: These parameters may be
used to tailor individualized treatment.
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Interrogating Glioma-Associated Microglia and Macrophage
Dynamics Under CSF-1R Therapy with Multitracer In Vivo
PET/MRI

Claudia Foray*l’z, Cristina Barca*!'*?, Alexandra Winkeler’, Stefan Wagner4, Sven Hermann', Michael Schéfers'*,
Oliver M. Grauer'>, Bastian Zinnhardt'">*®_ and Andreas H. Jacobs''>’

! European Institute for Molecular Imaging, University of Minster, Minster, Germany; *PET Imaging in Drug Design and
Development, Miinster, Germany;, 3Université Paris-Saclay, BioMaps, CEA, CNRS, INSERM, Orsay, France; 4Department of Nuclear
Medicine, University Hospital Minster, Miinster, Germany; > Department of Neurology, University Hospital Minster, Minster,
Germany, Biomarkers and Translational T echnologies, Neurosciences and Rare Diseases, Pharma Research and Early Development,
F. Hoffimann-La Roche Ltd., Basel, Switzerland; and "Department of Geriatrics with Neurology, Johanniter Hospital, and Centre for

Integrated Oncology of the University Hospital Bonn, Bonn, Germany

Glioma-associated microglia and macrophages (GAMMs) are key
players in creating an immunosuppressive microenvironment. They
can be efficiently targeted by inhibiting the colony-stimulating factor 1
receptor (CSF-1R). We applied noninvasive PET/CT and PET/MRI
using '®F-fluoroethyltyrosine (*8F-FET) (amino acid metabolism) and
N,N-diethyl-2-[4-(2-'®F-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo [1,5-
a]pyrimidine-3-acetamide ('®F-DPA-714) (translocator protein) to
understand the role of GAMMs in glioma initiation, monitor in vivo ther-
apy-induced GAMM depletion, and observe GAMM repopulation after
drug withdrawal. Methods: C57BL/6 mice (n = 44) orthotopically
implanted with syngeneic mouse GL261 glioma cells were treated
with different regimens using the CSF-1R inhibitor PLX5622 (6-
fluoro-N-((5-fluoro-2-methoxypyridin-3-yl)methyl)-5-((5-methyl-1H-pyrrolo
[2,3-b]pyridin-3-yl)methyl)pyridin-2-amine) or vehicle, establishing
a preconditioning model and a repopulation model, respectively.
The mice underwent longitudinal PET/CT and PET/MRI. Results:
The preconditioning model indicated similar tumor growth based on
MRI (44.5% * 24.8%), '8F-FET PET (18.3% = 11.3%), and '®F-DPA-
714 PET (16% = 19.04%) volume dynamics in all groups, suggesting
that GAMMs are not involved in glioma initiation. The repopulation
model showed significantly reduced '8F-DPA-714 uptake (—45.6% *
18.4%), significantly reduced GAMM infiltration even after repopula-
tion, and a significantly decreased tumor volume (—54.29% =+ 8.6%)
with repopulation as measured by MRI, supported by a significant
reduction in "8F-FET uptake (—50.2% = 5.3%). Conclusion: '®F-FET
and "®F-DPA-714 PET/MRI allow noninvasive assessment of glioma
growth under various regimens of CSF-1R therapy. CSF-1R-mediated
modulation of GAMMSs may be of high interest as therapy or cotherapy
against glioma.

Key Words: glioma; GAMM; '8F-DPA-714; TSPO; CSF-1R; C57BL/6
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The aggressiveness and molecular complexity of glioblastoma
multiforme challenges the current standard-care therapy, limiting
the median overall survival to 14-16 mo (/). In the last few deca-
des, new immunotherapeutic strategies have been developed for
gliomas. Despite some promising results, there are currently no
approved immunotherapies that proved to be efficient against glio-
blastoma multiforme (2). The high heterogeneity of the tumor
microenvironment plays an important role in therapy resistance,
and glioma-associated myeloid cells, such as glioma-associated
microglia and macrophages (GAMMs), monocytes, and myeloid-
derived suppressor cells (MDSCs) (including polymorphonuclear
and monocytic MDSCs), are key players in the establishment of
an immunosuppressive environment that favors glioma immune
evasion and progression (3). Moreover, chronically activated resi-
dent immune cells exacerbate the inflammatory response, leading
to a high state of neuroinflammation while participating in the
development of an immunosuppressive tumor microenvironment
(4). Therefore, targeting glioma-associated myeloid cells repre-
sents an important strategy to develop new glioma microenviron-
ment-targeted therapies. These cell populations are dependent on
colony-stimulating factor 1 receptor (CSF-1R) signaling for their
survival (§). Small-molecule CSF-1R inhibitors are used to study the
dynamics of these cells in glioma progression and glioma-associated
inflammation, profiting from their ability to modulate GAMMs through
a mechanism of depletion and repopulation.

MRI and amino acid PET imaging with methyl-!!C-methionine
or '8F-fluoroethyltyrosine (‘®F-FET, amino acid transport) are part
of the clinical imaging routine to diagnose and follow up patients
with gliomas (6-9). The use of '8F-FET has been reported to have
a major clinical value in providing important information for tumor
delineation and differentiation and for assessment of posttherapeu-
tic modifications and relapses (10). '*F-FET PET is highly specific
for glioma tissue but falls short in visualizing the reactive and
infiltrating myeloid component of the glioma microenvironment
(11). Other radiotracers, including the 18-kDa translocator protein
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(TSPO)-targeting PET tracer N,N-diethyl-2-[4-(2-'8F-fluoroethoxy)-
phenyl]-5,7-dimethylpyrazolo[1,5-a]pyrimidine-3-acetamide (‘3F-
DPA-714), have been used to visualize the myeloid cell compartment
in gliomas (12). '8F-DPA-714 PET has been reported to give infor-
mation complementary to that from '8F-FET, especially with regard
to resident and infiltrating immune cells in preclinical glioma models
and in patients (/3,/4). Because the timing of immunomodulation
may be critical for therapy outcome, noninvasive imaging tools are
highly useful in the assessment of the glioma microenvironment
before, during, and after therapeutic intervention with novel immuno-
modulatory compounds (75).
Here, we performed a multimodal, dual-

dorsal-ventral, —3.0 mm) with 2 X 10° mouse GL261 cells in 2 wL of
NaCl, 0.9%. During all experimental procedures, the mice were anesthe-
tized with 1.5%-2% isoflurane (Abbott Animal Health) in 100% O,.
After surgery, the animals were weighed daily for at least 3 d and before
each imaging session to monitor their health condition (Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.org).
Applying different regimens of PLX5622 (6-fluoro-N-((5-fluoro-2-methoxy-
pyridin-3-yl)methyl)-5-((5-methyl-1H-pyrrolo[2,3-b]pyridin-3-yl)methyl)pyr-
idin-2-amine), we divided the study into 2 parts, a preconditioning model in
which mice were treated with PLX5622 14 d before tumor implantation,

tracer imaging study in a syngeneic mouse
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MATERIALS AND METHODS

Cell Culture

Mouse GL261 glioma cells were cultured in
T-75 cell culture flasks as an adherent mono-
layer in Dulbecco modified Eagle medium sup-
plemented with GlutaMAX (Thermo Fisher
Scientific), 10% heat-inactivated fetal calf
serum, and 1% penicillin/streptomycin at 37°C
in a humidified incubator maintained at 5%
CO, before intracranial implantation.

PLX5622 dw
18F-FET

Study Approval

All experiments were conducted in accor-
dance with the German law on the care and use
of laboratory animals and approved by the
Landesamt flir Natur, Umwelt, und Verbrau-
cherschutz of North Rhine—Westphalia and the
ARRIVE guidelines (Animal Research: Report-
ing of In Vivo Experiments) (/6).

18F-FET Tyw MRI Gd 18F-DPA-T14

PLX5622 + repopulation

18F-DPA-714

Study Design

In total, 51 C57BL/6 female mice 8-10 wk
old were orthotopically implanted (intrastriatal
injection, coordinates in relation to bregma: lat-
eral, —2.0 mm; anterior—posterior, +0.5 mm;

CSF-1R-BAsep GAMM MODULATION IN GLIOMA ¢

FIGURE 1. Suitability of longitudinal gadolinium-enhanced T1-weighted MRI, "8F-FET, and "8F-DPA-
714 PET for monitoring immunotherapy-induced changes in preconditioning model. (A) Workflow of
preconditioning model. (B) Images during different PLX5622 regimens. Dotted lines indicate tumor area
depicted by MRI and transferred to PET images. %ID = percentage injected dose; NT = nontreated.
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and a repopulation model in which microglial cells were acutely depleted
and repopulated. The mice underwent sequential gadolinium-enhanced
T1-weighted MRI, as well as '8F-FET and '®F-DPA-714 PET/CT, as
described previously (/7). Full details are available in the supplemental
methods and in Figures 1A and 4A.

MRI Studies

MRI was conducted for 3-dimensional localization of the glioma and
for coregistration with PET/CT images. The mice were anesthetized
and the lateral tail vein was cannulated using a 26-gauge catheter. A
T1-weighted spin-echo 2-dimensional sequence was acquired in a 1-T
nanoScan PET/MRI scanner equipped with an MH20 coil (Mediso Medical
Imaging Systems; resolution, 0.27 X 0.27 X 0.9 mm). Gadolinium contrast
agent (Gadavist; Bayer Pharmaceutical) was injected via the catheter
(50 pmol/kg), and a postgadolinium T1-weighted sequence was acquired.

PET Studies
PET images were acquired on a high-resolution small-animal PET
scanner (32-module quadHIDAC; Oxford Positron Systems Ltd.) with
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FIGURE 2. Analysis of tumor and tracer volumes in preconditioning
model. Experimental groups include 8 nontreated patients; 9 PLX5622,
4 wk, patients; and 9 preconditioning-plus-repopulation patients. *P = 0.05.
P = 0.01. ***P = 0.0001. NT = nontreated.
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uniform spatial resolution (<1 mm in full width at half maximum).
8F-DPA-714 PET images were acquired 6080 min after intravenous
injection of 143 * 2.6 MBq of '8F-DPA-714. "8F-FET PET images
were acquired 20-30 min after intravenous injection of 10.6 = 0.6 MBq
of '8F-FET. The supplemental methods provide further details.

Volumetric Analysis
Imaging data were analyzed using the in-house—developed software
MEDgical as described previously (/7). Briefly, an atlas-based right

CSF-1R

|ba1 Merge

PLX5622 4 wk NT

Precond. + Repop.

TSPO

NT

PLX5622 4 wk

Precond. + Repop.

= CSF-1R* > Ibat*

TSPO*

» CSF-1R'lbatl*
TSPO*Ibat*

FIGURE 3. Dual labeling for CSF-1R/Iba1l and TSPO/Iba1 confirms pres-
ence of therapy-resistant cell populations. Paraffin-embedded tissues are
labeled for CSF-1R/TSPO/Ibal. White boxes show unclassified infiltrating
cells. Blue represents nuclear staining with DAPI (n = 3 mice/group).
NT = nontreated. White open arrows = CSF-1R+ and TSPO+ cells; white
arrowheads = lbal+ cells; white filled arrowheads = CSF-1R+Ibal+ and
TSPO+Ibai+ cells.
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hemisphere volume of interest was thresholded to delineate tumor and
tracer uptake volumes after coregistration of PET/CT scans with MR
images. Tumor-to-background ratios were calculated.

Immunoreactivity

After the last imaging examination, the mice were killed and per-
fused with 0.9% NaCl and 4% perfluoroalkoxy alkane. The brains
were fixed overnight in 4% perfluoroalkoxy alkane, embedded in paraf-
fin, cut into coronal sections, and processed as previously described
(17). To characterize the tumor microenvironment and therapy-induced
modifications, CSF-1R/ionized calcium binding adaptor molecule 1
(Ibal) and TSPO/Ibal dual labeling with fluorescent antibodies was
performed on a preconditioning model and a repopulation model. Posi-
tive cells were quantified in biologic triplicates, counting manually or
using the bioimage analysis software QuPath (/8). The antibodies are
listed in Supplemental Table 1.

Multiparametric Flow Cytometry

Myeloid tissue—derived cells were isolated after processing of the tis-
sues as described previously (/7). The cells were stained with a panel
of directly labeled monoclonal antibodies (Supplemental Table 2). All
samples were analyzed using the Navios flow cytometer and Kaluza
software (version 2.1; Beckman Coulter). The supplemental methods
provide additional data.

Statistical Analysis

Statistical analysis was performed using Prism (version 6; GraphPad
Software, Inc.). Differences in radiotracer uptake ratios and tracer uptake
volumes between and within groups over time were tested using either
1-way ANOVA with multiple comparisons corrected with a Holm-Sidak
test or a 7 test followed by a Mann—Whitney
U test on ranks and a Wilcoxon test with Bon-

the nontreated group (Supplemental Fig. 2; Supplemental Tables 3
and 4).

A high density of Ibal-positive (+) cells was detected in precon-
ditioned-and-repopulated mice, as well as in the nontreated group.
Chronic treatment reduced the number of Iba-1+ cells, although not
as expected, revealing a resistant Ibal + cell population in both hemi-
spheres. Repopulation significantly increased the number of Ibal+
cells after preconditioning (Supplemental Fig. 3). Those persistent
cells were present within and at the periphery of the glioma and
showed reduced CSF-1R and TSPO expression compared with the
preconditioned-and-repopulated group; few of the cells expressed
both markers. Interestingly, we observed an influx of apparently
round CSF-1R+, TSPO+ cells within the tumor area (Fig. 3).

Volumetric Analyses Show Significant Reduction in Tumor and
Tracer Uptake Volumes After Acute Treatment with
Subsequent Repopulation

We then assessed the possible effects of acute treatment and
subsequent microglial repopulation. In nontreated animals, gado-
linium-enhanced T1-weighted MRI, '8F-FET PET, and '8F-DPA-
714 PET showed a significant increase in tumor volume and both
tracer volumes over time. In the group treated with PLX5622
(6-fluoro-N-((5-fluoro-2-methoxypyridin-3-yl)methyl)-5 -((5-methyl-
1H-pyrrolo[2,3-b]pyridin-3-yl)methyl)pyridin-2-amine), gadolinium-
enhanced T1-weighted MRI and '*F-FET PET-derived volumes
significantly increased between days 7 and 21 whereas '*F-DPA-
714 PET—derived volume significantly increased between days 7
and 14 (Figs. 4B and 5). A therapy effect was observed on day 21,

ferroni adjustment for multiple measurements.
Correlations between tumor and tracer volumes A

were tested using Pearson correlation and linear Contielamup (a1 ——

regression. Significance levels were set at a NTtn=3)

! ¥ H T === Hotumor implaniationimaging

P value of less than 0.05. All results are shown eyl =18

= PLX5622 (deplaticn of microghial calls)
- —— Repopulation

as mean * SE or = SD. Only animals with full do

{raplation of microglial cells
d7 d14 d;1 after PLX5622 treatment )

A

a dataset were considered. Outliers were auto-
matically excluded.

RESULTS

18F_DPA-714 PET Imaging Reveals
Therapy-Resistant Cells in Chronically
Treated Mice

All the experimental groups in the precon-
ditioning study showed similar gadolinium-
enhanced T1-weighted MRI and '®F-FET—
based volume dynamics, together with 'SF-
DPA-714-based volume, indicating increased
tumor volume and inflammation over time
(Figs. 1B and 2). Tumor volume was signifi-
cantly reduced in the chronically treated group
compared with the nontreated group on day
14. Interestingly, '*F-DPA-714 signal was dis-
tributed at the borders and in the caudal parts
of the tumors, especially in the chronically
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treated animals, highlighting spatial comple-
mentarities to '*F-FET uptake (Fig. 1B).

The analyses of the tumor-to-background
ratio displayed a significant reduction in '8F-
DPA-714 uptake already on day 7 in the

chronically treated group compared with nontreated.

CSF-1R-BAsep GAMM MODULATION IN GLIOMA ¢

FIGURE 4. Monitoring glioma immunotherapy-induced changes after GAMM depletion and repo-
pulation using multimodal PET/MRI. (A) Workflow of repopulation model. (B) Gadolinium-enhanced
T1-weighted MR and PET images for '®F-FET and '®F-DPA-714 of nontreated and PLX5622-treated
animals, before treatment, after treatment, and after GAMM repopulation (left to right). Dotted line is
tumor area depicted by MRI and transferred to PET images. %ID = percentage injected dose; NT =

Foray et al. 1389
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FIGURE 5. Analysis of tumor and tracer volumes in repopulation model.
Experimental groups include 3 nontreated patients and 15 PLX5622-plus-
repopulation patients. *P = 0.05. P = 0.01. **P = 0.001. **P = 0.0001.
NT = nontreated.

when repopulated animals showed significantly reduced tumor
volumes, '*F-FET PET—derived volumes, and '*F-DPA-714 PET—
derived volumes compared with nontreated animals (Supplemental
Table 5).

In the nontreated group, '®F-FET tumor mean/background mean
significantly increased between days 7 and 21, whereas in the
PLX5622-plus-repopulation group it increased between days 14
and 21. Similarly, '8F-FET tumor maximum/background mean was
increased in the nontreated group but was significantly reduced in
repopulated animals on day 21 (Supplemental Fig. 4; Supplemental
Table 6).

In-depth analyses already showed a statistically significant posi-
tive correlation between MRI-based tumor volume and '®F-FET
uptake on days 14 and 21 (Supplemental Fig. 7).

GAMMs Are Significantly Affected by CSF-1R Inhibition, with
Persistent Reduction in CSF-1R and TSPO Expression After
Drug Withdrawal

PLX5622 treatment successfully depleted most Ibal+ cells in gli-
oma-bearing mice compared with the nontreated group (P = 0.05),
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in both the ipsilateral and the contralateral hemispheres, in line with
TSPO PET. The remaining Ibal+ cells were at the periphery of the
glioma or within the tumor borders, displaying an ameboidlike mor-
phology indicative of an active state. After 1 wk of repopulation, the
number of Iba-1+ cells on the contralateral side was significantly
increased in the repopulation group compared with the PLX5622
group (P = 0.05) (Supplemental Fig. 5).

Similarly, CD68 expression was analyzed as a marker for
GAMMs and specifically for macrophage-mediated immune sup-
pression. A large number of CD68+ cells was detected infiltrating
the glioma tissue in nontreated animals. The number of CD68+ cells
was significantly reduced with PLX5622 treatment and remained
significantly reduced after repopulation as shown by quantification
(Supplemental Fig. 6).

CSF-1R+ tumor cells, Ibal+ microglial cells at the periphery
and infiltrating the glioma, and CSF-1R+, Ibal+ cells within the
tumor mass were detected in nontreated animals. PLX5622 treat-
ment reduced CSF-1R expression, with few CSF-1R+, Ibal+
cells present at the border of the glioma. After repopulation, CSF-
IR signal remained reduced and CSF-1R+ cells were visible at
the periphery of the glioma (Fig. 6).

Similarly, TSPO+ cells and Ibal+ cells, as well as TSPO+,
Ibal+ cells, surrounded and infiltrated the glioma tissue in the
nontreated group. After CSF-IR inhibition, TSPO signal was
detectable mostly at the border of the tumor mass, in line with the
imaging results, together with a few Ibal+ and TSPO-+Ibal+
cells. After repopulation and in accordance with the imaging
results, the reduction in TSPO signal remained stable, and TSPO+
cells were visible at the periphery of the glioma whereas cells that
were Ibal+, TSPO-negative and Ibal+, TSPO+ were detectable
within the glioma tissue (Fig. 7). Interestingly, the depletion of
Ibal+ cells seemed to promote the infiltration of as-yet-uncharac-
terized CSF-1R+, TSPO+ cells (Figs. 6 and 7).

CSF-1R Inhibition Shows Immune-Modulatory Effects on
Glioma-Associated Myeloid Tissue-Derived Cells

To further evaluate therapy-induced changes in the tumor
microenvironment and to characterize the phenotype of infiltrating
cells, multiparametric flow cytometry was performed (Supplemen-
tal Fig. 8). PLX5622 treatment reduced the frequency of CD45+
tumor-infiltrating leukocytes compared with the nontreated group
(15.2% vs. 22.3%, respectively), in which the frequency was
slightly increased after repopulation (19.1%). The same results
were found for GAMMs, confirming the histologic results. Compa-
rable amounts of total MDSCs were detected in the PLX5622-treated
and the nontreated groups (CD11b+, Grl+: 5.1% vs. 3.6%), which
significantly decreased after repopulation (CD11b+, Grl+: 0.78%).
Moreover, PLX5622 treatment produced a difference in the MDSC
phenotype and affected the expression of different M2 activation
markers, such as TSPO and major histocompatibility complex class
II. The supplemental appendix provides additional information.

DISCUSSION

This study aimed to assess the suitability of a multitracer PET/
MRI combination to investigate the effects of microglia-depleting
immunotherapy in the tumor microenvironment in a syngeneic
mouse glioma model. Using different treatment regimens, we
demonstrated that the dual-tracer combination of 'F-FET and
8F_DPA-714 PET in conjunction with MRI allows monitoring
of therapy-induced changes in glioma progression and GAMM
dynamics in the tumor microenvironment. In contrast to 'F-FET

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 63 ¢ No.9 - September 2022



PLX5622

Repopulation

= CSF-1R* > Ibat* » CSF-1R*Iba1*

are regarded as biomarkers for tumor progres-
sion, treatment failure, and poor prognosis (/9).
Different CSF-IR inhibitors have been tested
in preclinical studies and clinical trials but
failed to show substantial efficacy because of
acquired resistance to CSF-1R therapy by the
glioma microenvironment (20).

TSPO is reported to be upregulated by
resident (microglia, astrocytes) and periph-
eral (monocytes, lymphocytes, neutrophils)
immune cells during inflammatory conditions
(21). In glioma tissue, TSPO is expressed by
glioma cells, GAMMs, and endothelial cells
(22). Our group recently described the suit-
ability of TSPO PET using '®F-DPA-714 to
monitor treatment outcomes in a preclinical
glioma model, by identifying areas of mye-
loid cell infiltration within the glioma micro-
environment (7).

Our results show the efficacy of CSF-1R
inhibition for the blockade of GAMM pro-
liferation and that the combination of '8F-
FET and '®F-DPA-714 PET can be used to
monitor CSF-1R therapy—induced changes
in the glioma microenvironment. The CSF-
IR inhibitor PLX5622 proves to have a
disease-changing effect, reducing glioma
progression and neuroinflammation, partic-
ularly when administered for a short period
during established glioma growth.

We report data on ablation of microglia

FIGURE 6.

CSF-1R+Ibal+ cells.

PET, '8F-DPA-714 PET may be suitable to detect immunother-
apy-induced changes within the glioma microenvironment when it
is used in conjunction with detailed immunohistochemical analy-
sis. We demonstrated that CSF-1R inhibition affects both glioma
cells and specific glioma-associated myeloid-derived cell popula-
tions. GAMM inhibition was sustained even after drug with-
drawal. Histologic analyses confirmed the efficacy of PLX5622 to
deplete most Ibal+ cells over a short period, whereas longer treat-
ment produced a therapy-resistant cell population. Interestingly,
the results indicated that microglia cells and GAMMs do not seem
essential for glioma initiation. However, a short-term brain repopula-
tion period after CSF-1R therapy is highly effective in slowing gli-
oma progression and maintaining a reduced inflammatory response.
Finally, TSPO PET using 'F-DPA-714 gives information comple-
mentary to that from the imaging marker 'SF-FET. Altogether, these
findings provide new insight into CSF-1R therapy resistance in gli-
oma and identify novel therapeutic glioma targets.

The role of the CSF-1R/CSF-1 axis has been studied in many cancer
types, because tumor cells secrete CSF-1 to attract CSF-1R+ myeloid-
derived cells to the tumor microenvironment to sustain tumor progres-
sion. Therefore, the expression levels of CSF-1R and circulating ligand

CSF-1R-BaAseD GAMM MODULATION IN GLIOMA ~ *

Immunofluorescence labeling for CSF-1R and Iba1 shows persistent reduction in CSF-
1R signal after repopulation. Paraffin-embedded tissues are labeled for CSF-1R (green) and Iba1 (red)
in nontreated, PLX5622-treated, and repopulated groups. Blue represents nuclear staining with DAPI.
Yellow-framed images show magnification of area in larger white boxes. Green-framed image shows
magnification of unclassified infiltrating cells (in smaller white box). Dotted line indicates separation
between periphery and inner mass (1 = 3 mice/group). NT = nontreated; P = periphery; T = tumor.
White open arrows = CSF-1R+ cells; white arrowheads = Ibal+ cells; white filled arrowheads =

cells and GAMMs before and during gli-
oma development showing that the inhibi-
tion of these cell populations before glioma
initiation does not influence glioma forma-
tion or the inflammatory response. Ex vivo
characterization revealed the presence of a
potentially resistant Ibal+ cell population
as a possible major cellular source of TSPO
expression, particularly in chronically treated
animals. These findings were supported by in-depth histologic analy-
ses that showed a persistent reduction in TSPO and CSF-IR signals
coming from the glioma tissue, whereas a high number of TSPO+
and CSF-1R+ cells were infiltrating the glioma microenvironment.
The same holds true for the preconditioned-and-repopulated group
characterized by the presence of a high number of GAMMs and
microglia cells positive for all the markers infiltrating the glioma tis-
sue. These results might explain the increased 'F-DPA-714 uptake
over time, highlighting the importance of TSPO PET in detecting gli-
oma-associated cell infiltration.

Whether the observed resistant cell population is pro- or antitu-
morigenic has yet to be clarified. However, it partially expressed
TSPO, supporting the efficacy of TSPO PET in monitoring spe-
cific glioma-associated inflammation. Furthermore, TSPO PET
has great potential for the characterization and imaging of the gli-
oma-associated immunosuppressive tumor microenvironment, as
shown in the first-in-patients study by Zinnhardt et al. (/4).

The importance of choosing the proper therapeutic window for
GAMM modulation is crucial, and TSPO PET may serve this pur-
pose (23). In this regard, a short-term (1 wk) CSF-1R inhibition
with subsequent brain repopulation during glioma progression led
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of tumor-associated cells within the tumor mi-
croenvironment. Accordingly, previous studies
reported increased peripheral immune cell infil-
tration after microglia depletion (25,26).

The CSF-1R therapy—induced effects on
the immune component were further inves-
tigated by multiparametric flow cytometry
analyses. Overall, the analyses indicated a
strong effect of CSF-1R immune modula-
tion on the MDSC population. The results
suggest that the infiltrating component in
the absence of Ibal+ cells might be rep-
resented by polymorphonuclear MDSCs.
Moreover, PLX5622 effects resulted in
the modulation of major histocompatibil-
ity complex class II and TSPO expres-
sion on GAMMs and MDSCs, in line
with the reduction in 'F-DPA-714 PET
volumes. This finding may indicate that
repopulation could modulate the immuno-
suppressive function toward an antitumor
phenotype, highlighting the importance of
targeting GAMMs.

As reported, single-agent therapy with
CSF-1R inhibitors has demonstrated only
modest results in glioblastoma clinical tri-
als, showing no significant improvement in
the progression-free survival of patients
(27). Currently, other ongoing studies are

FIGURE 7.

to a significant reduction in tumor volume as quantified by both
gadolinium-enhanced MRI and '"F-FET PET. In accordance with
the literature, CSF-1R inhibition significantly reduced the number
of Ibal+ cells in the brain (24). However, tumor cells also express
TSPO, and the volumetric analysis showed increased '8F-DPA-
714 PET volumes on day 14 at the same level as in the nontreated
group because of glioma progression, which may hide possible
immunologically induced changes. Interestingly, after 7 d of brain
repopulation, the '8F-DPA-714 PET signal remained stable and a signif-
icant reduction in tracer volume was detected compared with the control
group, suggesting long-lasting treatment effects. These findings were
further confirmed by histology. Furthermore, we showed that CSF-1R
inhibition significantly reduced the number of GAMMs infiltrating the
glioma tissue, identified as CD68+ cells, and the inhibitory effect was
detected also after brain repopulation. These results demonstrate that
GAMMs are susceptible to acute CSF-1R—mediated intervention even
after treatment withdrawal. In line with the results obtained after the
chronic treatment, fluorescent labeling revealed the presence of TSPO+
and CSF-1R+ immune cells infiltrating the tumor after depletion
of microglia cells. The presence of these potentially therapy-resistant
cells supports the importance of microglia in preventing the influx
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Immunofluorescence labeling for TSPO and Ibal shows persistent reduction in TSPO signal
after repopulation. Paraffin-embedded tissue are labeled for TSPO (green) and Ibal (red) in nontreated,
PLX5622-treated, and repopulated groups. Blue represents nuclear staining with DAPI. Yellow-framed
images show magnification of area in larger white boxes. Green-framed image shows magnification of
unclassified infiltrating cells (in smaller white box). Dotted line indicates separation between periphery
and inner mass (n = 3 mice/group). NT = nontreated; P = periphery; T = tumor. White open arrows =
TSPO+ cells; white arrowheads = Iba1+ cells; white filled arrowheads = TSPO+Ibal+ cells.

combining CSF-1R therapy and immune-
checkpoint inhibitors in different types of
tumors (28). One pilot study evaluating the
TSPO PET tracer ''C-PBR2S in patients
with primary glioblastoma multiforme or
melanoma brain metastasis, treated with
chemoradiation or immunotherapy, was
completed recently; the results are to be
determined (NCT02431572) (29).

Validation of TSPO PET tracers in clinical settings is necessary
to improve the understanding of glioma-associated inflammation
and therapy resistance mechanisms.

CONCLUSION

18F_DPA-714 may be a useful imaging biomarker for longitudi-
nal therapy monitoring and assessment of the glioma-associated
inflammatory microenvironment, as well as for patient stratifica-
tion. CSF-1R-targeting intervention and determination of the ideal
treatment window for CSF-1R inhibitors may define a promising
complementary therapy strategy in glioma.
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KEY POINTS

QUESTION: Is '8F-DPA-714 PET suitable to decipher
glioma-associated immune cell dynamics and CSF-1R therapy
outcomes?

PERTINENT FINDINGS: "8F-DPA-714 PET provided
complementary information to '®F-FET PET on glioma
heterogeneity, allowed the imaging of immune cell dynamics,
supported the assessment of brain target engagement, and
elucidated CSF-1R inhibition-induced effects in vivo.

IMPLICATIONS FOR PATIENT CARE: '8F-DPA-714 PET
represents a promising tool for noninvasive imaging of therapeutic
modulations of the immunosuppressive glioma microenvironment.
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Prostate-specific membrane antigen (PSMA)-negative neuroendocrine
prostate cancer (PCa) is a subtype of PCa likely to be lethal, with limited
clinical diagnostic and therapeutic options. High expression of neuro-
tensin receptor subtype 1 (NTR1) is associated with neuroendocrine
differentiation of PCa, which makes NTR1 a potential target for neuro-
endocrine PCa. In this study, the NTR1-targeted tracer ®®Ga-DOTA-
NT-20.3 was synthesized, and its affinity to androgen-dependent
(LNCap) and androgen-independent (PC3) xenografts was determined.
Methods: ®3Ga-DOTA-NT-20.3 was labeled using an automated syn-
thesizer module, and its stability, labeling yield, and radiochemical
purity were analyzed by radio-high-performance liquid chromatogra-
phy. Receptor binding affinity was evaluated in NTR1-positive PC3
cells by a competitive binding assay. The biodistribution of %8Ga-
DOTA-NT-20.3 in vivo was evaluated in PC3 and LNCap xenografts by
small-animal PET imaging. NTR1 expression was identified by immu-
nohistochemistry and immunofluorescence evaluation. Results: ®Ga-
DOTA-NT-20.3 was synthesized successfully, with a yield of 88.07% =+
1.26%, radiochemical purity of at least 99%, and favorable stability.
The NTR1 affinity (half-maximal inhibitory concentration) for ®8Ga-
DOTA-NT-20.3 was 7.59 * 0.41 nM. Small-animal PET/CT of PC3
xenograft animals showed high-contrast images with intense tumor
uptake, which revealed specific NTR1 expression. The tumors showed
significant radioactivity (4.95 = 0.67 percentage injected dose per
gram of tissue [%ID/g]) at 1 h, which fell to 1.95 = 0.17 %ID/g (P <
0.01, t = 8.72) after specific blockage by neurotensin. LNCap xeno-
grafts had no significant accumulation (0.81 * 0.06 %ID/g) of %8Ga-
DOTA-NT-20.3 at 1 h. In contrast, ®®Ga-PSMA-11 was concentrated
mainly in LNCap xenografts (8.60 + 2.11 %ID/g), with no significant
uptake in PC3 tumors (0.53 = 0.05 %ID/g), consistent with the in vitro
immunohistochemistry findings. Biodistribution evaluation showed
rapid clearance from the blood and main organs (brain, heart, lung,
liver, muscle, and bone), with significantly high tumor-to-liver (4.41 +
0.73) and tumor-to-muscle (12.34 + 1.32) ratios at 60 min after injec-
tion. Conclusion: ®Ga-DOTA-NT-20.3 can be efficiently prepared with
a high yield and high radiochemical purity. Its favorable biodistribution
and prominent NTR1 affinity make ®Ga-DOTA-NT-20.3 a potential
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radiopharmaceutical for the detection of PSMA-negative PCa and
identification of neuroendocrine differentiation.

Key Words: 3Ga-DOTA-NT-20.3; neurotensin receptor subtype 1;
prostate cancer; neuroendocrine differentiation; PET
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The incidence of prostate cancer (PCa) has increased in line
with the aging population and progress in diagnostic modalities (7).
Patients usually have advanced or metastatic lesions at diagnosis,
leading to high mortality. Prostate-specific antigen (PSA) level has
been well documented for the diagnosis of PCa and evaluation of
tumor response (2). However, a PSA increase is largely dependent
on the tumor origin; PSA can be increased in benign prostatic hyper-
plasia and is likely not to increase in poorly differentiated PCa (3,4).
Prostate-specific membrane antigen (PSMA) PET has been widely
used clinically and has had merit in the detection of biomedical
recurrence, allowing detection of micrometastasis at low PSA values
(5). PSMA is commonly overexpressed in metastatic castration-resis-
tant PCa (CRPC) and serves as an ideal target for the treatment of
PCa (6). However, after long-term androgen deprivation therapy,
poorly differentiated PCa originating from luminal and basal cells
frequently acquires a neuroendocrine phenotype (neuroendocrine
PCa [NEPC]), which lacks PSMA expression (7). Although the inci-
dence of de novo NEPC is rare (<2%), treatment-driven neuroendo-
crine differentiation exists in up to 20% of patients with CRPC (8).
As an aggressive subtype of CRPC, NEPC has a median survival
time of less than 1 y because identification is difficult and because
the androgen deficiency results in fewer treatment options (9). The
lethal nature of NEPC is driven by a lack of therapeutic regimens
capable of generating durable responses in the setting of extreme
tumor heterogeneity at the genetic and cell biologic levels. It is there-
fore necessary to explore specific molecular targets and efficient ther-
apeutic interventions for the clinical management of NEPC.

The neurotensin/neurotensin receptor (NT/NTR) axis has been
identified as an alternative growth pathway in androgen-independent
PCa and as a factor in the development of NEPC (10). NT, a trideca-
peptide released from endocrine cells in the small bowel, stimulates
pancreatic and biliary secretion, fatty acid absorption, intestinal motil-
ity, and growth of digestive organs (/7). Additionally, NT secreted
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from carcinoma cells acts as an autocrine growth factor in response to
tumor cell proliferation and migration (/2). The functions of NT are
mediated primarily via 2 G-protein—coupled receptors: NTR subtype
1 (NTR1) (high-affinity receptor) and NTR subtype 2 (low-affinity
receptor), whereas NTR subtype 3 serves as a single transmembrane
domain localized in the trans-Golgi network (/3). NTR1 is overex-
pressed in neuroendocrine differentiation of PCa and may promote
neoplastic growth and metastasis after binding with NT produced
by neuroendocrine cells in NEPC (74,15). The latest study showed
that NTR1 was expressed in 91.8% of PCa tissues, and all PSMA-
negative tissues showed positive NTR1 expression, suggesting the
potential complementary role of NTR1-targeted imaging or therapy
(16). LNCap (androgen-dependent PCa cells) showed negative NTR1
expression, whereas PC3 (androgen-independent PCa cells) had posi-
tive expression. Although native NT is sensitive to peptidases, various
NT analogs with higher stability have been radiolabeled and used as
valuable imaging and internal radioligand therapeutic tools for
NTR 1-positive tumors (17-20). Among them, ¥Ga-DOTA-NT-20.3
is confirmed to be a promising PET imaging probe for NTR1-posi-
tive tumors such as pancreatic adenocarcinoma and colon cancer
(21,22). However, ®3Ga-DOTA-NT-20.3 PET for the quantitation of
NTRI expression in PCa that underwent neuroendocrine differentia-
tion has not been reported. In this study, ®Ga-DOTA-NT-20.3 was
used to evaluate the neuroendocrine differentiation status in PCa
xenografts.

MATERIALS AND METHODS

General

Vender-provided information on the chemicals, cells, reagents, and
animals, as well as the cell culture and tumor model, is provided in the
supplemental materials (available at http://jnm.snmjournals.org). All
animal studies were approved by Nanjing First Hospital animal ethical
committee and performed according to national regulations.

Radiolabeling of DOTA-NT-20.3/PSMA-11 with ®®Ga and
Quality Control

An iQS-TS automated module was used for all radiolabeling steps,
which were performed as previously described (2/-23) with minor modi-
fications. Briefly, DOTA-NT-20.3 (4.32 nmol, 20 png) or PSMA-11
(19.72 nmol, 20 pg) dissolved in 1.0 mL of sodium acetate buffer
(0.25 M, pH 8.0) and *Ga (370450 MBq) eluted from the **Ge/**Ga
generator with 4.0 mL of 0.05 M HCI was introduced into the preheated
reactor. The pH of the final labeling solution was 3.5-4.0. After reaction
at 95°C for 14 min, the labeled product was concentrated using a dispos-
able Sep-Pak C18 cartridge (Waters), eluted with 0.5 mL of 70% ethanol,
and equilibrated with 0.9% sodium chloride injection or fresh medium
before use. Quality control of radiopharmaceuticals was performed using
radio—high-performance liquid chromatography and radio—thin-layer
chromatography (details are in the supplemental materials).

Determination of Lipophilicity

The shake-flask method was used to determine the partition coeffi-
cient of *®Ga-DOTA-NT-20.3 in n-octanol and phosphate-buffered
saline (PBS) (pH 7.4) mixture. The organic and aqueous phases were
presaturated 24 h before the experiment, and 500 L of each layer were
added to ®*Ga-DOTA-NT-20.3 (3.7 MBq) and mixed vigorously for
3 min. The layers were separated by centrifugation at 2,000 rpm (416g)
for 5 min. Aliquots of 100 L were removed from each phase and mea-
sured in a Wizard -y-counter (PerkinElmer). Calculated logD- 4 values
were expressed as the mean = SD from 3 experiments.

NTR1 IMAGING FOR NEUROENDOCRINE PCaA  *

Stability In Vitro

For the stability assay, ®*Ga-DOTA-NT-20.3 was incubated in PBS
(pH 7.4) or fresh human serum at 37°C for 15, 30, 60, 120, and
240 min. Plasma protein was precipitated with isovolumic acetonitrile
and removed by centrifugation (12,000 rpm, 13,400g, 5 min) after incu-
bation. The supernatants were analyzed by radio-high-performance lig-
uid chromatography after filtering through a Cathivex-GV filter (22 pm;
Merck).

Cell Binding Affinity and Uptake Assay

Human prostate adenocarcinoma PC3 cells were seeded into 24-
well plates at a density of 1 X 10° cells per well overnight for the
receptor-binding affinity and uptake study of ®*Ga-DOTA-NT-20.3.
%8Ga-DOTA-NT-20.3 and NT were diluted to 37 kBg/mL and
1078107 wM, respectively, with fresh medium. For the receptor-bind-
ing affinity assay, ®*Ga-DOTA-NT-20.3 (37 kBq, 500 wL) was added
to each well in the presence of varying concentrations (10~%-10% uM,
500 pL) of NT. After incubation for 60 min at 37°C, the medium of
each well was removed and the cells were washed twice with PBS.
The removed medium and washing PBS were collected to represent
the amount of free radioligand. The adherent cells were lysed with
NaOH (0.1 M, 200 pL) and harvested after being washed twice by
PBS. Finally, the cell-bound radioactivity (3 X 10> cells/mL) and the
amount of free radioligand were measured in a y-counter. The half-
maximal inhibitory concentration was calculated using GraphPad
Prism software. For the cell uptake study, the trial group PC3 cells
were incubated with **Ga-DOTA-NT-20.3 (37 kBq, 500 pL) at 37°C
for 15, 30, 60, and 120 min. The blocking group cells were saturated
with an excess of NT (1 wM, 500 wL) before addition of *®Ga-
DOTA-NT-20.3 (37 kBq, 500 wL). The radioactivity of adherent cells
(3 X 10° cells/mL) was then measured after they were extracted with
NaOH (0.1 M, 200 p.L) and washed twice with PBS.

Small-Animal PET/CT Imaging

The whole-body distribution of the tracer in tumor-bearing mice was
examined with an Inveon small-animal PET/CT scanner. **Ga-DOTA-
NT-20.3, %Ga-PSMA-11, and NT were diluted to 37 MBg/mL, 37
MBg/mL, and 2 mg/mL, respectively, with 0.9% sodium chloride injec-
tion. PC3-xenografted mice (18-25 g) were injected with **Ga-DOTA-
NT-20.3 (7.4 MBq, 200 L) via the tail vein under isoflurane anesthesia,
and 10-min static PET images were acquired at 0.5, 1, 1.5, 2, and 4h
after injection. For the blocking group, the mice were pretreated with
an excess of NT (20 mg/kg of body weight, 200 wL) via the tail vein
15 min before injection of **Ga-DOTA-NT-20.3 (7.4 MBq, 200 wL),
and static PET images were acquired at 1 h after injection. PC3- and
LNCap-xenografted mice were imaged at 1 h after receiving **Ga-
DOTA-NT-20.3 (7.4MBq, 200pL) or *®Ga-PSMA-11 (7.4MBg,
200 wL). Images were reconstructed using 3-dimensional ordered-sub-
set expectation maximization with attenuation correction. Regions of
interest were drawn over the tumors and main organs, and average sig-
nal levels in the regions were measured using an Inveon Research
Workplace workstation.

Ex Vivo Biodistribution

PC3 xenograft mouse models (18-25 g) were used to evaluate the dis-
tribution of tracer in blood and major organs. ®*Ga-DOTA-NT-20.3 was
diluted to 37 MBg/mL with 0.9% sodium chloride injection for use. The
mice were killed at 5, 15, 30, 60, and 120 min after intravenous injection
of %¥Ga-DOTA-NT-20.3 (3.4 MBq, 100 wL) (n = 3 per group). Blood
and major organs were harvested immediately, weighed, and counted
using a y-counter. The radioactivity of each sample was calculated as the
percentage of injected dose per gram of tissue (%ID/g) and corrected for
radioactive decay.
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Immunohistochemical Staining

NTRI1 and PSMA expression was evaluated by immunohistochemis-
try in LNCap- and PC3-derived prostate tumors. PCa tissues were fixed
in 4% paraformaldehyde, paraffin-embedded, and sectioned. The sec-
tions were then dewaxed and hydrated with xylene and graded alcohol
at room temperature before heat-induced antigen retrieval. Endoperoxi-
dase activity was inactivated by 3% H,0,, and nonspecific sites were
blocked with 3% bovine serum albumin. The sections were incubated
overnight with NTR1 antibody (catalog number YT3203, 1:200 dilu-
tion; ImmunoWay) at 4°C followed by horseradish peroxidase—labeled
goat antirabbit second antibody (catalog number GB23303, 1:200 dilu-
tion; Servicebio) and then staining with 3,3-diaminobenzidine and
counterstaining with hematoxylin solution for 2 min. The samples were
finally dehydrated and mounted with neutral resin, and images were
acquired using an optical microscope (with camera attached; Nikon
Eclipse E100).

Histologic Analysis

The tissues were fixed in 4% paraformaldehyde and embedded in
paraffin for sectioning. Tumor sections were dewaxed, stained with
hematoxylin and eosin, fixed with neutral resin after dehydration, and
observed using an optical microscope.

Immunofluorescent Staining

Cells in 12-well culture plates were fixed with 4% paraformalde-
hyde and permeabilized with 0.5% Triton X-100 (Union Carbide
Chemicals and Plastics) in PBS for 20 min at room temperature. Non-
specific antibodies were blocked with 5% bovine serum albumin in
PBS for 30 min at room temperature. NTR1 antibody (1:100 dilution)
was added to each well and incubated at 4°C overnight to detect
NTRI1. The sections were then incubated with CY3-labeled goat
antirabbit IgG secondary antibody (catalog number GB21303, 1:300
dilution; Servicebio) followed by antifade medium containing 4,6-
diamidino-2-phenylindole and were observed under a fluorescence
microscope.

Statistical Analysis

Quantitative data were described as mean * SD, and differences
between groups were analyzed by Student ¢ testing or ANOVA using
GraphPad Prism software, version 6.0. A P value of less than 0.05
was considered statistically significant.

RESULTS

Radiosynthesis of ®8Ga-DOTA-NT-20.3 and ®3Ga-PSMA-11
%8Ga-DOTA-NT-20.3 (Fig. 1) and %8Ga-PSMA-11 were labeled
successfully within 14 min, with yield rates of 88.07% = 1.26%
and 86.82% = 2.57%, respectively. The final molar activity
(radioactivity of product divided by amount of peptide used) of
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FIGURE 2. (A) Competitive binding curves for half-maximal inhibitory
concentration determination of ®8Ga-DOTA-NT-20.3 in PC3 cells, using
NT as competitive inhibitor. (B) Uptake of ®Ga-DOTA-NT-20.3 in PC3
cells. %AD = percentage administered dose.

%8Ga-DOTA-NT-20.3 was at least 54.4 GBg/umol. Radio-high-
performance liquid chromatography showed more than 99% radio-
chemical purity for ®*Ga-DOTA-NT-20.3 and ®3Ga-PSMA-11, and
the elution times were 13.49 and 8.19 min, respectively (Sup-
plemental Figs. 1 and 2). Radio—thin-layer chromatography of
%8Ga-DOTA-NT-20.3 showed only 1 spot, with a retention factor
of 0.60 (Supplemental Fig. 3).

Lipophilicity and In Vitro Stability

The lipophilicity of the peptide radiotracer was represented by
the partition coefficient of ®3Ga-DOTA-NT-20.3, determined as a
logD7 4 value of —3.68 = 0.14 in n-octanol and PBS. The radio-
chemical purity of ®®Ga-DOTA-NT-20.3 was still at least 99%
after incubation in PBS and human serum at 37°C for 4 h, indicat-
ing that the tracer was sufficiently stable for further in vitro and
in vivo studies (Supplemental Fig. 4).

In Vitro Cell Binding Affinity and Uptake

Competitive cell binding assays revealed that NT inhibited the
binding of **Ga-DOTA-NT-20.3 to NTR1-positive PC3 cells in a
concentration-dependent manner (Fig. 2A). The half-maximal
inhibitory concentration for ®Ga-DOTA-NT-20.3 was 7.59 =+
0.41 nM. Cell blocking studies were conducted to evaluate the
specificity of ®®Ga-DOTA-NT-20.3 in vitro (Fig. 2B). The uptake
rate of °8Ga-DOTA-NT-20.3 by PC3 cells plateaued (4.21% +
0.33% administered dose) at 1 h of incubation and decreased sig-
nificantly when blocked with an excess of NT (0.92% = 0.20%
administered dose, P < 0.01, r = 14.71).

Small-Animal PET/CT Imaging
PC3-xenograft tumors were clearly visible as early as 0.5 h after
injection, and region-of-interest analysis showed tumor uptake of

DOTA-NT-20.3

8GaCly, NaOAe, HCl
95 %C, 14 min

FIGURE 1. Radiosynthesis and structure of ®3Ga-DOTA-NT-20.3.
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Biodistribution

The metabolic characteristics and tar-
geting specificity of *8Ga-DOTA-NT-20.3
in vivo were further evaluated by biodistri-
bution experiments in PC3 tumor models
(Table 1). The highest tumor uptake (6.26 *
0.41 %ID/g) was measured at 60 min after
injection and decreased slightly to 3.74 =
0.56 %ID/g by 120 min. The radiotracer
cleared quickly from blood and major organs
(brain, heart, lung, liver, muscle, and bone),
with significantly high tumor-to-liver (4.41 =
0.73) and tumor-to-muscle (12.34 *= 1.32)
ratios at 60 min. As a consequence of renal
excretion, kidney uptake at 30, 60, and

3%lDig

L

! 0.8%IDig
Block 1 h

FIGURE 3.

uptake] was 60.03% = 6.48%. Tumor site is encircled.

4.53 = 1.26 %ID/g (Fig. 3). The tumor-to-background ratio (5.61 =
0.69) and tumor uptake (4.95 = 0.67 %ID/g) at 1 h after injection
were significantly higher than for the blocking group (1.95 = 0.17
%ID/g, P < 0.01, t = 8.72), demonstrating the specificity of *Ga-
DOTA-NT-20.3 for NTRI-positive tumors. Quantitative analysis
showed that radioactivity peaked in main organs such as heart, lung,
brain, bone, and muscle early and then cleared over 1 h. Liver
showed no striking radioactivity compared with kidney and bladder,
confirming that the tracer was rapidly excreted via the urinary sys-
tem. LNCap tumor—bearing mice were used as a negative control,
and PET imaging demonstrated minimal tumor accumulation of
%8Ga-DOTA-NT-20.3 (0.81 + 0.06 %ID/g) (Fig. 4). ®*Ga-PSMA-11
was subsequently injected into PC3- and LNCap-xenograft mice,
and high radioactivity uptake (8.60 * 2.11 %ID/g) was detected in
LNCap but not in PC3 tumors (0.53 = 0.05 %ID/g). The results
indicated that ®®Ga-DOTA-NT-20.3 specifically targeted NTR1 and
could be a promising new tool to complement PSMA PET for the
diagnosis of PCa.

82Ga-DOTA-NT-20.3 1 h
LNCaP

%Ga-PSMA-11 1 h
PC3 LNCaP

PC3

3%iDig

0.8%ID/g

FIGURE 4. Small-animal PET/CT images of PC3 and LNCap tumor—
bearing mice at 1h after injection of ®®Ga-DOTA-NT-20.3 (A) or *%Ga-
PSMA-11 (B). Tumor site is encircled.
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(A) Small-animal PET/CT images of PC3 tumor—bearing mice at different times after
injection of ®Ga-DOTA-NT-20.3. (B) Blocked by excess NT at 1 h after injection of ®3Ga-DOTA-NT-
20.3, blocking ratio [(total radioactivity uptake — blocked radioactivity uptake)/total radioactivity

120 min after injection was 23.06 = 1.94,
24.55 £ 0.98, and 26.08 = 0.79 %ID/g,
respectively, further supporting renal clear-
ance as the primary metabolic pathway of
8Ga-DOTA-NT-20.3.

Immunohistochemical, Immunofluorescent, and
Histologic Analyses

To further validate the NTR1 and PSMA expression in different
types of PCa, immunohistochemistry was performed for tumor tis-
sues. PC3 xenografts showed high NTR1 expression levels but no
obvious PSMA expression (Figs. SA and 5B), whereas LNCap
tumors showed overexpression of PSMA rather than NTR1 (Figs.
5D and 5E). Tumor immunohistochemistry findings corresponded
to the small-animal PET/CT imaging results. Hematoxylin and
eosin staining (Figs. SC and 5F) revealed the different morphologic
features of PCa, having irregularly arranged tumor cells that varied
in size, with deep staining, obvious atypia, and high mitotic rates.
Strong red fluorescence was seen in PC3 cells, confirming the
abundant NTR1 expression (Fig. 6).

DISCUSSION

Despite great progress in the clinical management of localized
PCa, metastatic PCa treated with androgen deprivation therapy
inevitably develops resistance, leading to CRPC (24). Novel anti-
androgens (enzalutamide or abiraterone) further prevent tumor
progression by inhibiting the reactivated androgen and androgen
receptor signaling in CRPC (25,26). However, prolonged inhibi-
tion of the androgen and androgen receptor pathway converts
15%-20% of CRPC into androgen-independent NEPC, with loss
of canonic androgen receptor and PSMA expression, clinically
resulting in a rapidly progressive disease course and no significant
increase in PSA, thus hindering clinical diagnosis and therapy (7).
PSMA PET/CT and radioligand therapy had limited value for
more aggressive PSMA-negative PCa phenotypes in clinical prac-
tice. NT/NTR signaling, recruited as an alternative growth path-
way in the absence of androgen receptor, plays a crucial role in
the proliferation, migration, and invasion of NEPC cells (/0).
Acute NTR1 expression is associated with neuroendocrine differenti-
ation of PCa, making it a promising biomarker that may compensate
for the PSMA negativity of NEPC (/6). Various radiopharmaceuti-
cals developed to trace NTR1 in vivo may aid the early diagnosis,
distant metastasis detection, endoradiotherapy, and mechanistic
investigation of NEPC (/7). For this purpose, we radiolabeled
%8Ga-DOTA-NT-20.3 as an NTRI-targeted radiotracer and
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TABLE 1
Biodistribution of #3Ga-DOTA-NT-20.3 in PC3 Tumor-Bearing Mice at Various Times After Injection

Site 5 min 15 min 30 min 60 min 120 min

Blood 8.11 = 1.54 4.15 = 0.59 2.56 + 0.23 1.12 = 0.22 0.43 = 0.08
Heart 7.70 £ 0.90 3.88 = 0.18 2.78 = 0.36 1.57 = 0.18 0.58 = 0.11
Liver 5.46 = 1.01 3.17 = 0.45 2.02 = 0.48 1.44 = 0.20 0.86 = 0.49
Spleen 3.97 + 0.39 2.81 = 0.47 1.85 = 0.43 1.06 = 0.27 0.41 = 0.04
Lung 5.18 = 0.16 3.28 = 0.62 1.91 £ 0.15 1.20 + 0.23 0.75 = 0.15
Kidney 18.36 = 1.27 21.22 = 1.95 23.06 = 1.94 24.55 + 0.98 26.08 = 0.79
Stomach 3.56 = 0.31 2.49 + 0.35 1.75 = 0.38 0.91 = 0.18 0.37 = 0.05
Intestine 3.28 = 0.30 2.31 = 0.92 1.47 = 0.26 0.77 = 0.24 0.38 = 0.04
Pancreas 2.88 = 0.61 2.08 = 0.26 1.59 * 0.60 1.05 = 0.07 0.36 = 0.04
Muscle 1.93 + 0.65 1.44 + 017 0.96 *+ 0.08 0.51 = 0.02 0.32 = 0.04
Bone 2.27 = 0.29 2.35 = 0.52 1.27 = 0.08 0.86 = 0.17 0.53 = 0.17
Brain 1.91 £ 0.39 1.35 £ 0.15 0.88 = 0.10 0.60 = 0.05 0.33 = 0.10
Fat 1.42 £ 0.23 1.11 £ 0.23 0.62 = 0.11 0.32 = 0.03 0.32 = 0.07
Testis 1.62 + 0.11 1.31 £ 0.05 0.80 = 0.06 0.42 = 0.04 0.31 = 0.10
Tumor 2.81 = 0.39 3.93 = 0.43 5.70 = 0.80 6.26 = 0.41 3.74 = 0.56

Data are mean %ID/g = SD (n = 3).

evaluated its imaging ability in 2 PCa xenograft models (PC3
and LNCap).

%8Ga-DOTA-NT-20.3 was efficiently prepared using an iQS-TS
automated module, with high yield and high radiochemical purity.
The tracer showed good stability in vitro, with a radiochemical
purity of at least 99% at 4 h after incubation in PBS or plasma, pro-
viding the basis for further biologic evaluations. The lipophilicity
of ®Ga-DOTA-NT-20.3 was —3.68 = 0.14, indicating favorable
in vivo radiopharmacokinetics, demonstrated by its predominantly
renal elimination with little radioactivity in the liver. We also veri-
fied the binding affinity and specificity of ®®Ga-DOTA-NT-20.3 to
NTRI1 in PC3 cells, which show high levels of NTR1 expression,
and further verified the binding by immunofluorescence. *®Ga-
DOTA-NT-20.3 showed significant time-dependent radioactivity

accumulation in PC3 cells. Its binding ability was effectively
blocked by an excess of NT within a low-nanomolar range, verify-
ing the specificity of *®Ga-DOTA-NT-20.3 for NTR1 in PC3 cells
in vitro. A high target (NTR1)-binding affinity is required for high
tumor uptake and retention of the radiopeptide, as the basic premise
of molecular imaging in vivo.

The specificity of ®*Ga-DOTA-NT-20.3 was further confirmed by
PET imaging in both NTR1-positive/PSMA-negative PC3 and NTR1-
negative/PSMA-positive LNCap tumor xenografts. The results showed
high and specific accumulation of ®*Ga-DOTA-NT-20.3 in PC3 tumor
lesions at all time points but very low uptake in LNCap-derived
tumors. The small molecular size of **Ga-DOTA-NT-20.3 and its
hydrophilic nature enable fast clearance of radioactivity from the blood
and nontarget tissues, resulting in a high tumor-to-muscle ratio of

5.61 = 0.69 at 1h after intravenous injec-

tion. Blocking successfully reduced the
localization of ®®Ga-DOTA-NT-20.3 within
the tumor because of the presence of an
excess of cold NT analogs, clearly demon-
strating the receptor specificity of this imag-
ing agent. However, the radioactivity uptake
could not be completely blocked by NT,
with a blocking ratio of 60.03% * 6.48%
(Fig. 3B), possibly because of an insufficient
amount of cold NT; further verifications may
be needed. In contrast, *®Ga-PSMA-11 PET
showed no uptake in PC3-derived tumors
but high uptake in LNCap-derived tumors.
The different levels of radioactivity uptake

FIGURE 5. Representative immunohistochemical and histologic images. (A) NTR1 immunohisto-

in 2 different tumor models can be attributed
to the different numbers of NTR1 and

chemical staining of PC3 tumors. (B) PSMA immunohistochemical staining of PC3 tumors. (C)

Hematoxylin and eosin staining of PC3 tumors. (D) NTR1 immunohistochemical staining of LNCap
tumors. (E) PSMA immunohistochemical staining of LNCap tumors. (F) Hematoxylin and eosin stain-

ing of LNCap tumors. (Scale bar, 10 um; x40.)
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PSMA binding sites in PC3 and LNCap
cells, respectively. Immunohistochemistry
further confirmed high NTR1 expression in
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FIGURE 6. Representative immunofluorescence images. PC3 cells stained with 4-6-diamidino-2-
phenylindole showed DNA content (blue) (A) and incubated with fluorescent NTR1 antibody showed
NTR1 expression (red) (B). (C) Digital combination (merge) of the 2 previous images is shown to visu-

alize the localization of NTR1 in PC3 cell. (Scale bar, 10 pm; X40.)

PC3-derived tumors and, conversely, high PSMA expression in
LNCap-derived tumors.

%8Ga-DOTA-NT-20.3 showed a prolonged tumor retention time
of up to 4 h and quicker clearance from blood, heart, lung, liver,
muscle, and other organs or tissues, except kidney—as correlated
well with the PET imaging findings. **Ga-DOTA-NT-20.3 cleared
predominantly via the renal pathway, leading to accumulation in
kidney and bladder. The radioactivity in bladder can be excreted
through urine, which is conducive to the detection of paravesical
and prostatic bed lesions. Regretfully, kidney may become a dose-
limiting organ because of the slower clearance of *®Ga-DOTA-
NT-20.3. The exact mechanism is not clear, but efforts should be
taken to reduce the renal retention and potential nephrotoxicity for
future internal radioligand therapy. Biodistribution analysis indi-
cated a high tumor-to-muscle ratio (12.34 * 1.32) at 1 h after
injection, identifying %®Ga-DOTA-NT-20.3 as a promising PET
tracer for imaging NTR1-expressing tumors. However, compared
with the high binding affinity in vitro (half-maximal inhibitory
concentration, 7.59 £ 0.41 nmol/L), the radiotracer demonstrated
moderate PC3 tumor uptake in vivo (6.26 = 0.41 %ID/g at 1 h),
suggesting that many other factors in addition to binding affinity
may affect the tumor uptake. Further systematic investigations are
therefore needed to improve the absolute tumor uptake.

CONCLUSION

This study showed that ®*Ga-DOTA-NT-20.3 has a high affinity to
NTRI and a favorable distribution and kinetics. The high-contrast
images of ®Ga-DOTA-NT-20.3 in PC3 xenografts with NTRI-avid
expression indicated its potential for detecting poorly differentiated or
neuroendocrine differentiation of PCa. The high stability and long
intratumor retention of ®*Ga-DOTA-NT-20.3 hold promise for use in
peptide-receptor radionuclide therapy of PCa by exchanging ®*Ga
with the therapeutic radionuclide '""Lu/**Ac. In addition, %*Ga-
DOTA-NT-20.3 might be an alternative targeted radiopharmaceutical
for identifying neuroendocrine differentiation of PCa. Further preclin-
ical studies are warranted to explore the molecular mechanisms of
NTRI in this context.
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KEY POINTS

QUESTION: Can ®®Ga-DOTA-NT-20.3 serve as an NTR1-targeted
radiotracer for the detection of neuroendocrine differentiation in
PSMA-negative PCa?

PERTINENT FINDINGS: ®®Ga-DOTA-NT-20.3 can be an ideal
PET tracer, with favorable characteristics. ®Ga-DOTA-NT-20.3 is
stable in vitro and has high affinity to NTR1. Cellular uptake
studies on the PC3 PCa cell line (NTR1-positive) demonstrated
that the uptake is specific. High-contrast images were achieved in
PC3 tumor xenografts but not in NTR1-negative/PSMA-positive
LNCap tumors.

IMPLICATIONS FOR PATIENT CARE: In the detection of
neuroendocrine differentiation in PCa, %8Ga-DOTA-NT-20.3 has
merits that may contribute to NTR1-based theranostics and
provide a novel strategy for the management of NEPC, especially
for neuroendocrine differentiation in metastatic CRPC.
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Molecular Imaging of Neuroendocrine Prostate Cancer
by Targeting Delta-Like Ligand 3
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Treatment-induced neuroendocrine prostate cancer (NEPC) is a lethal
subtype of castration-resistant prostate cancer. Using the 8°Zr-labeled
delta-like ligand 3 (DLL3) targeting antibody SC16 (°Zr-desferriox-
amine [DFO]-SC16), we have developed a PET agent to noninvasively
identify the presence of DLL3-positive NEPC lesions. Methods: Quan-
titative polymerase chain reaction and immunohistochemistry were
used to compare relative levels of androgen receptor (AR)-regulated
markers and the NEPC marker DLL3 in a panel of prostate cancer cell
lines. PET imaging with 8Zr-DFO-SC16, %8Ga-PSMA-11, and ®Ga-
DOTATATE was performed on H660 NEPC-xenografted male nude
mice. #Zr-DFO-SC16 uptake was corroborated by biodistribution
studies. Results: In vitro studies demonstrated that H660 NEPC cells
are positive for DLL3 and negative for AR, prostate-specific antigen,
and prostate-specific membrane antigen (PSMA) at both the transcrip-
tional and the translational levels. PET imaging and biodistribution
studies confirmed that 8Zr-DFO-SC16 uptake is restricted to H660
xenografts, with background uptake in non-NEPC lesions (both AR-
dependent and AR-independent). Conversely, H660 xenografts cannot
be detected with imaging agents targeting PSMA ((3Ga-PSMA-11) or
somatostatin receptor subtype 2 ((Ga-DOTATATE). Conclusion:
These studies demonstrated that H660 NEPC cells selectively express
DLL3 on their cell surface and can be noninvasively identified with 89Zr-
DFO-SC16.

Key Words: neuroendocrine prostate cancer; immuno-PET; molecu-
lar imaging; DLL3
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Androgen receptor (AR) signaling is a critical driver of prostate
cancer (PC). Androgen deprivation therapy (ADT) is used in the set-
ting of high-risk, recurrent, or metastatic PC. Although ADT can
initially be highly effective, resistance develops in most patients,
leading to metastatic castration-resistant PC (mCRPC) and ultimately
death. Treatment resistance to ADT in mCRPC arises from multiple
mechanisms including AR amplification, AR bypass, and complete
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AR independence (7). The introduction of more potent AR signaling
inhibitors (e.g., abiraterone and enzalutamide) in mCRPC patients
has led to an increasing incidence of lesions that may display AR
loss or adapt to low androgen levels through activation of alternative
pathways (2). AR-independent tumors can be aggressive and can
demonstrate markedly elevated proliferation, an enhanced capacity
for organ metastasis, and phenotypic heterogeneity with a variable
admixture of adenocarcinoma and small cell neuroendocrine pheno-
types (2). Treatment-induced neuroendocrine PC (NEPC) has been
shown to arise from treatment-induced lineage plasticity and to lead
to a highly aggressive and lethal subtype of PC (3). This reprogram-
ming is linked to the reactivation of developmental transcriptional
programs and the transcription factor SOX2, which promotes pheno-
typic plasticity and acquisition of a stemlike phenotype (4). NEPC
displays genetic similarities to small cell lung cancer (SCLC), inclu-
ding frequent loss of the tumor suppressor genes 7P53 and RBI (9).

The lineage transcription factor achaete-scute complex homolog 1
(ASCL1) is overexpressed and promotes tumorigenesis in mouse
models of SCLC (6). ASCL1 plays a key role in suppressing notch
signaling activity through markedly upregulated expression of the
inhibitory notch ligand delta-like ligand 3 (DLL3) (7). DLL3 expres-
sion in adult tissues is substantially lower and restricted to intracellu-
lar compartments such as the Golgi; in contrast, in SCLC tumor cells
DLL3 is aberrantly expressed on the cell surface (7). In PC, DLL3
has been shown to be similarly dysregulated in most NEPC samples
(76.6%), with minimal to no expression in mCRPC (12.5%), local-
ized PC (0.5%), and normal, unaffected prostate tissue (0%) (8).
With no detectable expression of cell surface DLL3 in nonmalignant
cells and preferential expression in NEPC lesions, DLL3 may be a
target for a biomarker-based method of tumor detection.

SC16 is a humanized monoclonal antibody that selectively binds
to both human and murine DLL3 (9). Our previous work with SC16
demonstrated the successful synthesis of 8°Zr-radiolabeled SC16 and
its use as a PET radiopharmaceutical for noninvasive detection of
DLL3 expression in SCLC models (10). PET is a powerful diagnos-
tic tool that can noninvasively visualize and molecularly characterize
lesions and aid in optimizing therapy. It has proven to be a successful
platform in PC detection and management of AR-dependent lesions.
However, the 2018 National Cancer Institute Workshop on Lineage
Plasticity and Androgen Receptor-Independent Prostate Cancer iden-
tified a “lack of imaging capabilities” as 1 of 2 major knowledge
gaps in NEPC management (/7). The PET probes thus far developed
directly target AR (12) or prostate-specific membrane antigen (PSMA)
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(13) and may not detect NEPC lesions if they display AR loss or
PSMA suppression (/4). Therefore, it is imperative to have a non—
PSMA-based imaging agent for NEPC detection. To our knowledge,
89Zr-radiolabeled SC16 is the only imaging agent currently in develop-
ment that has potential to differentiate NEPC from prostate adenocarci-
noma by an increase in signal above background. This is advantageous
over current PET imaging agents that target AR-dependent PC, as
reduced expression of these surface antigens is possible and can
increase susceptibility to high false-positives or inconclusive findings
when signal approaches the noise floor. Because of the molecular simi-
larities to SCLC and encouraging results from preclinical studies in
SCLC models, we evaluated the performance of our 8°Zr-radiolabeled
SC16 PET imaging agent in the detection of DLL3-expressing NEPC
tumors in preclinical mouse models.

MATERIALS AND METHODS

The supplemental materials (available at http://jnm.snmjournals.org)
provide information on cell lines, quantitative real-time polymerase chain
reaction, antibody functionalization and radiolabeling (/5), in vitro bind-
ing assays (/6), immunohistochemistry, and generation of subcutaneous
xenograft models.

Animals and Tumor Models

All animal experiments were approved by the Institutional Animal
Care and Use Committee and Research Animal Resource Center at
Memorial Sloan Kettering Cancer Center.

Biodistribution Studies

factors and their downstream targets that have been shown to differ-
entiate adenocarcinoma or neuroendocrine phenotype, respectively,
in established PC cell lines using quantitative real-time polymerase
chain reaction and immunohistochemistry. For prostate adenocarci-
noma genes, we evaluated FOLHI (gene encoding for PSMA) and
KLK3 (gene encoding for prostate-specific antigen); for neuroendo-
crine-regulated genes, we examined ASCLI and DLL3. The panel of
PC cell lines included LNCaP (hormone-sensitive prostate adeno-
carcinoma, AR-positive/neuroendocrine-negative), DU145 (andro-
gen-independent PC, AR-negative/neuroendocrine-negative), PC3
(androgen-independent PC, AR-negative/neuroendocrine-negative),
and H660 (NEPC, AR-negative/neuroendocrine-positive). H660
expressed the highest of SOX2, which encodes a transcription factor
that promotes lineage plasticity, facilitates histologic transformation,
and has been associated with resistance to AR-targeted therapies
(5,17). PC3, LNCaP, and DU145 all demonstrated significantly lower
levels of DLL3. H660 cells showed ASCLI expression, encoding a
key transcription regulator of notch signaling proteins, including
DLL3 (Fig. 1A). At the protein level, using immunohistochemistry,
we could detect DLL3 expression only in the H660 line, not in the
other PC lines (Fig. 1B). Verification of the NEPC lineage of H660
was confirmed by the presence of the clinically validated neuroendo-
crine marker synaptophysin (SYP), which was absent in all LNCaP,
PC3, and DU145 cell lines (Fig. 1B). When transcript levels of AR,
KLK3, and FOLHI were evaluated, only LNCaP cells showed

Biodistribution studies were performed by

killing mice bearing subcutaneous H660 or A DLL3
DU145 tumors at chosen time points to eval- 164
uate uptake of the radiotracers. To evaluate =
nonspecific uptake in the DLL3-positive tumor, 8 127
mice bearing subcutaneous H660 xenografts g
were injected with isotype-matched IgG %°Zr- s 8
desferrioxamine (DFO)-IgG. The supplemental E
materials provide further details. S 44
PET Imaging o
PET imaging of subcutaneous PC cell line S P >
xenograft mouse models was performed on F 0\3\ Q S

an Inveon small-animal PET/CT instrument
(Siemens). The supplemental materials pro-
vide further details.

Statistical Analysis

Data are expressed as mean * SEM. Data
for the in vitro cell binding assay were ana-
lyzed by unpaired, 2-tailed ¢ testing using
Prism software (version 8; GraphPad), with the
threshold for statistical significance set at a
P value of less than 0.05. To evaluate the
blocking study in the subcutaneous xenografts,
a 2-way ANOVA test using Prism software
was performed, with the threshold for statisti-
cal significance set at a P value of less than
0.05. A correction for multiple comparisons
was performed using the Holm—Sidak method
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FIGURE 1.
RESULTS

DLL3 is uniquely expressed in H660 cells at transcriptional and translational level.
(A) Real-time polymerase chain reaction shows expression patterns of DLL3, ASCL1, and SOX2

genes in H660, DU145, PC3, and LNCaP cells compared with A549-negative control (not shown).

Evaluation of DLL3 Expression in NEPC
We evaluated messenger RNA and protein
expression of AR and SOX2 transcription

1402

(B) Representative immunohistochemistry images of H660 (DLL3-positive/SYP-positive) DU145
(DLL3-negative/SYP-negative), LNCaP (DLL3-negative/SYP-negative), and PC3 (DLL3-negative/
SYP-negative) tumor cell sections for DLL3 and SYP. ND = not detected.
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expression, whereas H660, PC3, and DU145 had minimal detectable
transcripts (Supplemental Fig. 1A). Immunohistochemistry provided
similar results at the translational level, demonstrating intense stain-
ing of AR and PSMA in LNCaP cells, with no detectable expression
seen in H660, PC3, or DU145 (Supplemental Fig. 1B).

We then analyzed the PC transcriptomic atlas dataset (/8), an
extensive transcriptome databank comprising 1,321 clinical speci-
mens from 38 PC cohorts. We observed higher expression of DLL3
in mCRPC than in primary PC (P < 0.001 mCRPC vs. primary;
Supplemental Fig. 2A). Moreover, in the cohort of Ross-Adams
et al. (19) (259 men with PC in Cambridge discovery cohort and
Stockholm validation cohort), we found that high DLL3 expression
was associated with shorter biochemical recurrence-free survival
(Supplemental Fig. 2B). Together, these data indicate that DLL3
messenger RNA expression may be associated with a poor progno-
sis for PC patients. This hypothesis will require further testing in a
larger cohort to confirm the prognostic significance of DLL3 mes-
senger RNA expression in PC.

We next compared the expression levels of DLL3 in H660 and H82
tumor cells. H82 was derived from the pleural fluid of a patient with
SCLC and H660 derived from the lymph node of an NEPC patient.
Both cell lines displayed a neuroendocrine phenotype and aberrant
DLL3 trafficking to the cell surface. Despite low expression of DLL3
on H82 cells, PET imaging successfully delineated H82 tumor in
mouse models (/0). Immunohistochemistry demonstrated an even
lower abundance of DLL3 expression in the H660 tumor cells than in
the H82 tumor cells (Supplemental Fig. 3). However, we still envision
that DLL3 PET imaging would be feasible because of the absence of
DLL3 expression on the cell surface of nonmalignant cells.

892r-DFO-SC16 Characterization and Its Detection of Cell
Surface DLL3 Expression

The DLL3-targeting SC16 antibody was functionalized through
non-site-specific conjugation to the free lysine moieties available
on the monoclonal antibody with the siderophore-derived DFO
chelator (Supplemental Fig. 4). Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry revealed that the ratio
of chelator to monoclonal antibody was 0.44, which implies that,

on average, half of the antibody molecules were functionalized
with DFO covalently (Supplemental Fig. 5).

Radiolabeling of the DFO-SC16 conjugate provided 3°Zr-DFO-
SC16 in high radiochemical yield (>99%) (Supplemental Fig. 6A)
and high specific activity (370 MBg/mg). The radioimmunoconjugate
demonstrated at least 92% stability when incubated in human serum
at 37°C for 5 d (Supplemental Fig. 6B). The target-binding fraction
of the radioimmunoconjugate—the fraction of the antibody that
retains its binding to its target after modification—was more than
90% for 8°Zr-DFO-SC16 toward DLL3 (Fig. 2A). #Zr-DFO-SC16
binding to DLL3 could be blocked in the presence of a 5,000-fold
excess of unlabeled SC16. In vitro cell binding assays revealed 3°Zr-
DFO-SC16 to be bound to DLL3 expressed on the cell surface of
H660 cells, with no binding observed in the DLL3-negative cell lines
LNCaP, DU145, or PC3 (Fig. 2B). Binding of ¥Zr-DFO-SC16 to
H660 cells could be blocked in the presence of a 1,000-fold excess of
unlabeled SC16. A saturation binding assay with H660 cells revealed
a dissociation constant of less than 1 nM and a maximum specific
binding of 86.3 fM/10° cells for *°Zr-DFO-SC16 (Supplemental Fig.
6C). These studies demonstrated that the immunoreactivity of SC16
is retained after DFO conjugation and radiolabeling with 8°Zr.

PET Imaging and Biodistribution of DLL3 Expression with
89Zr-DF0-SC16 in Subcutaneous Xenograft Models

PET imaging with %°Zr-DFO-SC16 was performed on male nude
mice bearing H660 (DLL3-positive, AR-negative/neuroendocrine-
positive) or DU145 (DLL3-negative, AR-negative/neuroendocrine-
negative) subcutaneous xenografts. PET imaging with #Zr-DFO-SC16
showed clear delineation of H660 tumor xenografts 120 h after admin-
istration of the radioimmunoconjugate (Fig. 3A). Increasing uptake in
the H660-bearing mice could be observed in the tumors from the time
of injection to 120 h after injection. As expected, because of lack of
DLL3 expression, minimal uptake of 8°Zr-DFO-SC16 was observed in
DU145-bearing mice, with tumor uptake remaining constant over the
120-h imaging time course (Fig. 3B). Low and nonspecific uptake was
observed in H660 tumor xenografts 120 h after injection of isotype-
matched IgG (°Zr-DFO-IgG) (Supplemental Figs. 7A-7C).

Biodistribution data at 24, 72, and 120 h after intravenous admin-
istration confirmed a progressive increase in H660 tumor uptake

over time, reaching 17.50 = 3.19 percentage

injected dose per gram (%ID/g) at 120 h
A B (Fig. 4A; Supplemental Fig. 8). As expected,
897r-DFO-SC16 2 257 i t d in blood-pool activi

100~ Target-Binding Fraction £ T T T a concurrent decrease in blood-pool activity

Bl Control (NSB) G 20+ was observed (24 h, 6.60 * 0.90 %ID/g; 72h,

£ s0] +%Zr-DFO-SC16 £ 3.16 = 1.37 %ID/g; 120 h, 3.07 = 045

g o BB Unblocked S 157 %ID/g) as the tumor activity increased over

g +DLLaHis S 10- time. Because of heterogeneous uptake of the

é 401 +72rDrO-SC16 3 radioimmunoconjugate between the H660

3 BN Blocked ° 57 tumors, 2 independent cohorts of 3 mice
2 2 +DLL3-His o .

e + 8920 DFO-SC16 S each were evaluated at 120 h. Linear regres-

o + Excess unlabeled SC16 S S P Q(?’ 03 sion analy§is displaye.:d a positive corr.ezl.ation

O ‘3“_,‘3‘ IS between time after intravenous administra-

& & F Q’\o“ tion and %ID/g in H660 tumors across both

independent cohorts, with tumor uptake

FIGURE 2. DLL3 is expressed on cell surface of H660 tumor cells that can be targeted by 9Zr-
DFO-SC16. (A) 8°Zr-DFO-SC16 shows high and specific binding to Ni-NTA beads coated with His-
tagged DLL3. Minimum nonspecific binding is observed (control). Specificity of binding to His-tagged
DLL3 was shown in presence of 5,000-fold excess of unlabeled SC16. (B) In vitro cell binding data on
897r-DFO-SC16 binding to HE60 cells confirms DLL3 expression on cell surface that can be targeted
using our anti-DLL3 monoclonal antibody SC16. Minimal binding of #Zr-DFO-SC16 is observed to
DLL3-negative DU145, PC3, and LNCaP cells. Specificity of binding to H660 cells was shown in pres-
ence of 1,000-fold excess of unlabeled SC16. ***P < 0.0001. NSB = nonspecific binding.

increasing over time (P = 0.00971; Supple-
mental Fig. 9). Uptake of the radioimmuno-
conjugate could be blocked by coinjection of
a 50-fold excess of unlabeled SC16 antibody,
confirming the specificity of the radioimmuno-
conjugate for the H660 tumor (Fig. 4A; Sup-
plemental Fig. 10). At 120h after injection,
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subcutaneous xenografts confirmed retained
expression of DLL3 and SYP, which were
absent in resected DU145 subcutaneous xen-
ografts (Fig. 4D; Supplemental Fig. 13 shows
SYP immunohistochemistry and correspond-
ing hematoxylin- and eosin-stained slides).

NEPC Is Detectable Only by DLL3
Imaging, Not by PSMA or
Somatostatin Imaging

To demonstrate the dichotomy between
AR-positive prostate adenocarcinoma and
AR-negative NEPC, male nude mice were
subcutaneously xenografted with PSMA-
positive/DLL3-negative LNCaP tumors and
PSMA-negative/DLL3-positive H660 tumors
on opposite flanks and imaged by DLL3- and
PSMA-based PET. The dually tumor-bearing
mice were imaged 1 h after administration
of ®8Ga-PSMA-11, a PSMA-targeted PET
agent. The radiotracer accumulated exclu-
sively in the LNCaP tumor and could be suc-
cessfully imaged with high contrast (Fig. 5).
The NEPC model H660 does not express AR
or PSMA, and H660 tumors could not be
detected through PSMA-based imaging.
Two days later, the same cohort of mice was
administered °Zr-DFO-SC16 and imaged
5 d after administration. The radiotracer selec-
tively bound to the H660 tumor but not to
LNCaP and finally allowed for site-specific
identification of the NEPC lesion.

Somatostatin receptor (SSTR) imaging

FIGURE 3. DLL3-expressing subcutaneous H660 tumors could be imaged with #°Zr-DFO-SC16
in vivo. (A) PET images of 89Zr-DFO-SC16 in athymic nude male mouse bearing subcutaneous H660
tumor xenografted on left shoulder. PET imaging was performed at 24-h intervals up to 120 h after
injection of 39Zr-DFO-SC16. (B) PET images of 89Zr-DFO-SC16 in athymic nude male mouse bear-

has been widely used as a method to detect
the presence of gastroenteropancreatic neu-
roendocrine neoplasms, including the Food
and Drug Administration—approved agent
%8Ga-DOTATATE. ®*Ga-DOTATATE is a

ing subcutaneous DU145 tumor xenografted on left shoulder. PET imaging was performed at 24-h

intervals up to 120 h after injection of 8Zr-DFO-SC16. Images represent maximum-intensity pro-
jection and transverse planar images at designated time points after injection of radiotracer. MIP =

maximum-intensity projection.

high tumor-to-background contrast ratios were observed (Fig. 4B),
with a tumor-to-muscle ratio of 33.91 = 5.73. In contrast, %°Zr-
DFO-SC16 uptake in the DU145 (DLL3-negative) tumors was low
and nonspecific, at 5.47 + 0.25 %ID/g 120 h after intravenous ad-
ministration, consistent with an in vivo enhanced permeability and
retention effect (Fig. 4C; Supplemental Fig. 11). Comparing tumor
uptake at each time point in the H660 and DU145 tumors demon-
strated the specificity and selectivity of 3°Zr-DFO-SC16 for DLL3
(Supplemental Fig. 12A). Mean uptake in H660 tumors increased
over time and was statistically significant when compared with
mean uptake in DU145 tumors at 72 and 120 h after injection.
Tumor-to-muscle ratios also increased over time in the H660 tumors
and were statistically significant at 72 and 120 h after injection when
compared with DU145 tumors, in which this ratio remained rela-
tively constant at all time points (Supplemental Fig. 12B). Consider-
ing potential clinical implications, taken together these data suggest
that patients could be effectively imaged in a wide time win-
dow (72-120 h). Immunohistochemistry on resected H660

1404

peptide-based PET imaging agent that dem-
onstrates high affinity for the SSTR subtype
2 (SSTR2) and has been tested in NEPC
patients with inconclusive results (20). As a
comparator, we sought to image tumor-bear-
ing mice by ®®Ga-DOTATATE. We first analyzed SSTR2 messenger
RNA expression in H660 and LNCaP cells. We could not detect sig-
nificantly upregulated SSTR2 expression in H660 cells relative to
LNCaP cells (Supplemental Fig. 14A). Shifting to in vivo analysis,
we conducted an imaging study with ®®Ga-DOTATATE on H660-
bearing male nude mice. No accumulation of the radiotracer was
observed in the tumor 1 h after administration, demonstrating an
inability to detect this NEPC tumor through SSTR imaging (Supple-
mental Fig. 14B).

DISCUSSION

NEPC is a lethal disease, and detecting the presence of NEPC
lesions noninvasively remains challenging. One of the barriers to
understanding the biology of mCRPC is the inaccessibility of the
tissue and consequent undersampling of disease heterogeneity.
Biopsies (the gold standard in terms of phenotypic characterization
with immunostaining) and genotypic characterization with next-
generation sequencing techniques describe only a single lesion
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FIGURE 4. Biodistribution of °Zr-DFO-SC16 in subcutaneous xenograft
model of NEPC. (A) Select organ biodistribution data at 24, 72, and 120h
after intravenous injection of 8°Zr-DFO-SC16 in athymic nude mice bear-
ing subcutaneous H660 tumors. Bars at 24 and 72 h represent data
obtained from batch 1 (n = 3). Bars at 120 h represent data obtained from
batches 1 and 2 (n = 6). Supplemental materials provide details on the 2
different cohorts used in biodistribution study. H660 tumor uptake could
be blocked at 72 h after injection of 2°Zr-DFO-SC16 with 50-fold excess
of unlabeled SC16 antibody. (B) Tumor-to-background contrast ratios
from uptake of %°Zr-DFO-SC16 in H660 xenograft-bearing mice. (C)
Select organ biodistribution at 24, 72, and 120 h after injection of 897y-
DFO-SC16 in athymic nude mice bearing subcutaneous DU145 tumors.
(D) Representative immunohistochemistry images of H660 and DU145
subcutaneous tumor xenografts for DLL3. ***P < 0.0001.

rather than the full diversity of the disease. Furthermore, bone biop-
sies are difficult because tumors are frequently embedded deep
within the densely sclerotic bone, a result of exuberant hydroxyapa-
tite deposition from tumoral stimulation of osteoblasts. Circulating
tumor cells and cell-free DNA can be used to characterize the biol-
ogy of mCRPC and can reflect posttreatment changes in tumor bur-
den but cannot localize the emergence of resistant disease on a
lesional level. A noninvasive, whole-body method for detecting the
emergence of NEPC will overcome these limitations of standard
methods of tumor analysis, allow for identification and characteri-
zation of lesions in real time, and facilitate earlier intervention to
improve patient survival. Here, we confirmed that the NEPC cell
line H660 is devoid of the commonly targeted prostate biomarkers
AR, PSMA, and prostate-specific antigen but selectively expresses
DLL3 on the cell surface. However, this is an idealized preclinical
model, and a varied range of prostate biomarker expression may
still be observed in patients with NEPC lesions. In our previous
work using the SCLC tumor model H82, we successfully showed
that, though expression of DLL3 is less abundant than other com-
monly imaged tumor-associated antigens (e.g., human epidermal
growth factor receptor 2, human epidermal growth factor receptor,
and PSMA), the highly tumor-restricted cell surface expression of
DLL3 on SCLC allows for successful PET imaging (/0). Although
the expression levels of DLL3 observed in the H660 NEPC tumor
cells were lower than in the H82 SCLC tumor cells, PET imaging
was still feasible because of the absence of detectable cell surface
DLL3 in nonmalignant cells. We demonstrated that 3°Zr-DFO-
SC16 shows high specific uptake in H660 (DLL3-positive) tumors
through biodistribution studies and PET imaging. PET imaging in
a dual tumor model with H660 (DLL3-positive/PSMA-negative)
and LNCaP (DLL3-negative/PSMA-positive) tumor cells demon-
strated an inability to detect PSMA-negative NEPC lesions with
other commonly used imaging approaches. Neuroendocrine differen-
tiation in prostate adenocarcinoma lesions due to selective treatment
pressure can lead to the activation of different pathways, including
the possibility of low AR and low AR-pathway signaling, which may
result in the inability to detect such lesions with **Ga-PSMA-11 (14)

or other AR-targeted tracers such as '8F-

16B-fluoro-Sa-dihydrotestosterone (12,21).

(DLL3+, PSMA-) H660 _+ ¢ * » _ LNCaP (DLL3-, PSMA+)
Neuroendocrine e Adenocarcinoma

68Ga-PSMA-11 89Zr-DFO-SC16

MIP MIP

Transversal

Therefore, using ®*Ga-PSMA-11 only, NEPC
lesions may not be detected.

DLL3 imaging can provide patient stratifi-
cation and suggests a rationale for DLL3-
targeted therapeutic approaches. Four DLL3-
specific therapies have been tested clinically:
the antibody—drug conjugate rovalpituzumab
tesirine, the bispecific T cell engager AMG757,
the chimeric antigen receptor T cell AMG119,
and the trispecific T-cell engager HPN328.
Rovalpituzumab tesirine therapy demon-
strated minimal responses in SCLC and other
neuroendocrine carcinomas (9/69; 13%)
(22), whereas AMG757 (NCT03319940),
AMG119 (NCT03392064), and HPN328
(NCT04471727) are currently being tested
in SCLC patients in first-in-humans studies.
One avenue yet to be explored could use a

Transversal

targeted radionuclide therapy with '7’Lu in

FIGURE 5. %8Ga-PSMA-11 cannot image NEPC lesions in vivo. Shown are PET images of ®®Ga-
PSMA-11 (1 h after injection) or 89Zr-DFO-SC16 (120 h after injection) in male athymic nude mouse
bearing H660 and LNCaP tumors xenografted on left and right shoulders, respectively. MIP = maxi-
mum-intensity projection.

DLL3 PET ImaGING IN NEPC

patients with detected DLL3-positive PC
lesions via ®Zr-DFO-SC16 PET. Recent
work by our lab has demonstrated the
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exceptional efficacy of !7’Lu-labeled-SC16 for the treatment of
SCLC in preclinical models (23).

Lastly, we demonstrated an inability to target SSTRs in a subcu-
taneous NEPC model. Reports on the presence of SSTRs in NEPC
have been contradictory and inconclusive, with some studies sug-
gesting that SSTR2 expression is upregulated (24,25) whereas
others have shown low or absent expression (26,27). Here, we
showed that H660 tumor cells do not express SSTRs and therefore
cannot be imaged in vivo through somatostatin-based receptor
PET imaging.

Although DLL3 appears to be a potential target for PET imaging
in NEPC lesions, the biologic consequences of PC treatments on
preexisting NEPC lesions are not understood. PC lesions in patients
may have distinct adenocarcinoma, neuroendocrine, or mixed phe-
notypes. Therefore, even with detection of NEPC, patients may con-
tinue ADT. ADT influences the expression of prostate-specific
antigen and PSMA and blocks AR-targeting agents and therefore
influences the outcomes of PET imaging studies that are specific for
these targets (28—30). There is no clear understanding of the biologic
consequence of ADT on neuroendocrine cells or on the expression
of DLL3. Likewise, it has been shown that the phosphatidylinositol
3-kinase pathway is activated in ADT-resistant mCRPC and influen-
ces the expression of neuroendocrine markers (37,32). Two phos-
phatidylinositol 3-kinase inhibitors, everolimus (NCT00976755) and
BKM-120 (NCT01385293), are in clinical trials for mCRPC. Fur-
ther studies to evaluate the potential influence of PC treatments on
NEPC lesions and DLL3 expression are warranted.

Overall, the selective expression of DLL3 in the tumor, with no
detectable expression in nonmalignant cells, and the high specific-
ity of tumor uptake of 8°Zr-DFO-SC16 suggest the possibility of
translating this imaging method into the clinic. With a clinical trial
(NCT04199741) currently under way at Memorial Sloan Kettering
Cancer Center—the first-in-humans clinical trial of DLL3 PET
imaging in patients with SCLC—our data encourage the use of
DLL3 PET imaging in patients with NEPC lesions. Ultimately,
DLL3-targeted PET imaging might confirm the presence of NEPC
lesions through a noninvasive whole-body PET scan, aid patient
selection, and improve therapeutic outcomes in NEPC-directed
clinical trials.

CONCLUSION

These findings suggest that 8°Zr-DFO-SC16 is a noninvasive
diagnostic PET agent that can be used as a tool to detect the pres-
ence of DLL3-positive NEPC lesions at single-lesion resolution.
We hope these findings will improve on the current approach of
biopsy-based and genotypic characterization in identifying these
patients.
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KEY POINTS

QUESTION: Can DLL3-targeted PET be used as a tool for the
noninvasive diagnosis of NEPC?

PERTINENT FINDINGS: DLL3 is expressed exclusively on the
cell surface of the H660 NEPC cell line and can be detected with
the DLL3-targeting tracer ®°Zr-DFO-SC16. In vivo PET imaging
studies showed that #Zr-DFO-SC16 is selective for DLL3-expressing
NEPC lesions and cannot be imaged with ®Ga-PSMA-11 or
%8Ga-DOTATATE. The selective expression of DLL3 in the tumor and
specific tumor uptake of #Zr-DFO-SC16 suggest potential
translation of this imaging method to the clinic.

IMPLICATIONS FOR PATIENT CARE: PET imaging of DLL3
may allow for the identification of NEPC in patients in a benign,
noninvasive way early enough to better inform clinical decision
making.
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Short-Term Colony-Stimulating Factor 1 Receptor
Inhibition—Induced Repopulation After Stroke Assessed by
Longitudinal '*F-DPA-714 PET Imaging

Cristina Barca', Amanda J. Kiliaan?, Lydia Wachsmuth®, Claudia Foray', Sven Hermann', Cornelius Faber”,
Michael Schéfersl’4, Maximilian Wiesmann?, Bastian Zinnhardt*'**>, and Andreas H. Jacobs*'-®

! European Institute for Molecular Imaging, University of Miinster, Miinster, Germany; >Department of Medical Imaging/Anatomy,
Radboud University Medical Center, Radboud, The Netherlands; > Translational Research Imaging Center, University Hospital
Miinster, Miuinster, Germany, 4Department of Nuclear Medicine, University Hospital Miunster, Miinster, Germany; JBiomarkers and
Translational Technologies, Pharma Research and Early Development, F. Hoffimann-La Roche Ltd., Basel, Switzerland; and
Department of Geriatrics and Neurology, Johanniter Hospital, Bonn, Germany

Studies on colony-stimulating factor 1 receptor (CSF-1R) inhibition—
induced microglia depletion indicated that inhibitor withdrawal
allowed the renewal of the microglia compartment via repopulation
and resolved the inflammatory imbalance. Therefore, we investigated
for the first time (to our knowledge) the effects of microglia repopula-
tion on inflammation and functional outcomes in an ischemic mouse
model using translocator protein (TSPO)-PET/CT and MR imaging, ex
vivo characterization, and behavioral tests. Methods: Eight C57BL/6
mice per group underwent a 30-min transient occlusion of the
middle cerebral artery. The treatment group received CSF-1R inhibitor
in 1,200 ppm PLX5622 chow (Plexxikon Inc.) from days 3 to 7 to
induce microglia/macrophage depletion and then went back to a con-
trol diet to allow repopulation. The mice underwent T2-weighted MRI
on day 1 after ischemia and '®F-labeled N,N-diethyl-2-(2-[4-(2-fluo
roethoxy)phenyl]-5,7-dimethylpyrazolo[1,5-a]pyrimidine-3-yl)aceta

mide ("8F-DPA-714) (TSPO) PET/CT on days 7, 14, 21, and 30. The
percentage injected tracer dose per milliliter within the infarct, con-
tralateral striatum, and spleen was assessed. Behavioral tests were
performed to assess motor function recovery. Brains were har-
vested on days 14 and 35 after ischemia for ex vivo analyses (immu-
noreactivity and real-time quantitative polymerase chain reaction) of
microglia- and macrophage-related markers. Results: Repopula-
tion significantly increased 8F_DPA-714 uptake within the infarct
on days 14 (P < 0.001) and 21 (P = 0.002) after ischemia. On day 14,
the ionized calcium binding adaptor molecule 1 (Iba-1)-positive cell
population showed significantly higher expression of TSPO, CSF-
1R, and CD68, in line with microglia repopulation. Gene expression
analyses on day 14 indicated a significant increase in microglia-
related markers (csf-1r, aif1, and p2ry12) with repopulation, whereas
peripheral cell recruitment-related gene expression decreased
(cx3cr1 and ccr2), indicative of peripheral recruitment during CSF-
1R inhibition. Similarly, uncorrected spleen uptake was significantly
higher on day 7 after ischemia with treatment (P=0.001) and
decreased after drug withdrawal. PLX5622-treated mice walked a
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longer distance (P < 0.001) and more quickly (P = 0.009), and showed
greater forelimb strength (P < 0.001), than control mice on day 14.
Conclusion: This study highlighted the potential of '8F-DPA-714 PET/
CT imaging to track microglia and macrophage repopulation after
short-term CSF-1R inhibition in stroke.

Key Words: colony-stimulating factor 1 receptor; microglia; stroke;
8F_DPA-714; repopulation

J Nucl Med 2022; 63:1408-1414
DOI: 10.2967/jnumed.121.263004

Microglia play a major role in the stroke-induced neuroin-
flammatory response, as part of the early proinflammatory and
later restorative processes (/). Microglia survival and proliferation
are dependent on signaling through the colony-stimulating factor 1
receptor (CSF-1R) (2). Administration of the CSF-1R inhibitor
PLX5622 progressively leads to almost complete microglia deple-
tion after 1 wk of treatment in wild-type mice (3). Microglia deple-
tion in acute or subacute ischemia (1-3 d) was associated with
increased immune cell infiltration and aggravated brain inflamma-
tion (4,5). Inhibitor withdrawal triggers microglia repopulation,
indicated by microglia proliferation and increased activity. Besides,
long-lasting treatment effects were observed on other cell popula-
tions (6). Recently, we demonstrated that CSF-1R inhibition—
induced microglia/macrophage depletion could be tracked using
an '8F-labeled radiotracer—N, N-diethyl-2-(2-[4-(2-fluoroethoxy)
phenyl]-5,7-dimethylpyrazolo[ 1,5-a Jpyrimidine-3-yl)acetamide ('8F-
DPA-714)—targeting the translocator protein (TSPO) (7): TSPO-
dependent neuroinflammation was significantly decreased within the
first weeks after stroke, although long-term CSF-1R inhibition was
associated with a poor disease outcome. Therefore, PLX5622 repre-
sents an attractive microglia- and macrophage-targeting pharmaco-
logic tool allowing modulation of the inflammatory environment after
stroke. However, microglia repopulation has yet to be investigated.
The therapeutic effect of short-term CSF-1R inhibition has scarce-
ly been investigated but has shown promising applications. In a neu-
ronal injury mouse model, renewal of the microglia compartment
after short-term CSF-1R inhibition reduced lesion-induced in-
flammatory markers, resolved the active phenotype of microglia,
and reversed behavioral impairment (3). Therefore, short-term
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In this study, we aimed to longitudinally
investigate the effects of microglia repopu-
lation in a stroke mouse model. We investi-
gated the therapeutic effect of microglia
repopulation on stroke outcomes by inhibit-
ing CSF-IR between days 3 and 7 after
ischemia. Few studies in stroke models have
investigated how microglia affect outcomes
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after CSF-1R inhibition (4,5,8). Results
indicated that absence of microglia within
the first days after stroke worsened disease
outcomes, including increased brain injury, enhanced excitotoxicity,
and brain inflammation. Therefore, we aimed to leverage the phago-
cytic activity on infiltrating immune cells and cell debris within the
first days after ischemia (4), to reduce microglia-related excitotoxic-
ity, to renew the microglia compartment, and to take advantage of
the repopulation process on lesion-associated inflammation at the
peak of TSPO-dependent inflammation reported between days 10
and 14 after ischemia (9-11).

To investigate the kinetics of immune cell activation, we per-
formed longitudinal PET using the TSPO radiotracer '*F-DPA-714
as a marker for neuroinflammation, together with CT and MRI.
Imaging data were cross-correlated with protein and gene expres-
sion profiles of microglia, macrophages and inflammation-related
markers using immunohistochemistry and real-time quantitative
polymerase chain reaction. In addition, we studied the therapeutic
effect on motor functions using a set of behavioral tests.

We hypothesized that subacute PLX5622 treatment may induce
immunomodulatory effects by triggering microglia repopulation,
ultimately showing a positive effect on stroke outcomes. The repo-
pulation process, indicated by an increased TSPO PET signal, may
be detected noninvasively by '*F-DPA-714 PET/MRI.

FIGURE 1.

MATERIALS AND METHODS

Study Approval

All experiments were conducted in accordance with the German
Law on the Care and Use of Laboratory Animals and approved by the
Landesamt fiir Natur, Umwelt, und Verbraucherschutz of North
Rhine-Westphalia and according to the ARRIVE 2.0 guidelines (Ani-
mal Research: Reporting of In Vivo Experiments; https://www.nc3rs.
org.uk/arrive-guidelines).

Study

Male C57BL6/] mice 3—4 mo old (n =32) were provided by the
local animal facility. They were housed under a standard 12 h:12 h
light:dark cycle with free access to food and water. All mice underwent
a 30-min transient occlusion of the middle cerebral artery (day 0) and
were randomized into either a control group or a PLX5622-treated
group by an external person. All mice underwent T2-weighted MRI on
day 1. The treatment group received 1,200 ppm PLX5622 chow from
days 3 to 7 after ischemia (Fig. 1). The experimenters did not know the
group assignment.

Exclusion criteria were lack of reperfusion (<50% baseline cerebral
blood flow recovery) as assessed by laser Doppler, an infarct exceed-
ing the striatal and cortical regions, and extreme weight loss (>20%
of the initial body weight). The dropout rate was 8%.

SHORT-TERM CSF-1R INHIBITION IN STROKE *

Study design. IHC = immunohistochemistry; rt gPCR = real-time quantitative polymer-
ase chain reaction; tMCAo = transient middle cerebral artery occlusion.

Eight animals per group were used for in vivo PET imaging on
days 7, 14, 21, and 30 after ischemia. The same animals were used for
behavioral assessment before and after surgery. They were killed on
day 35 after ischemia to obtain late invasive data. An extra group of
8 animals was added to characterize the 14-d time point as indicated
in Supplemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org).

On the last day of the experiment, the mice were killed by transcar-
dial perfusion with phosphate-buffered saline. The brains that were
reserved for immunoreactivity were fixed with 4% paraformaldehyde
in phosphate-buffered saline, whereas the others, which were kept for
real-time quantitative polymerase chain reaction, were flash-frozen in
nitrogen and stored at —80°C.

Surgery

Stroke was induced by the intraluminal suture method as previously
described (/2). Briefly, the mice were anesthetized with 5% isoflurane/
O, (Forene; Abbott) after intraperitoneal injection of buprenorphine
(0.03 mg/kg of body weight) and maintained at 2.5% v/v isoflurane/O,
on a heating pad during the entire procedure.

A 7-0 silicon rubber-coated monofilament (diameter with coating,
0.19 = 0.01 mm) (Doccol Corp.) was inserted into the right internal
carotid artery to block the middle cerebral artery origin. After 30 min,
the monofilament was removed to allow reperfusion. The mice
received buprenorphine (0.1 mg/kg body of weight) and were placed
under the infrared heating lamp until full recovery. Successful
occlusion and reperfusion of the middle cerebral artery were as-
sessed by measuring the cerebral blood flow by laser Doppler flow-
metry (Periflux 5000; Perimed).

Treatment

PLX5622 was provided by Plexxikon Inc., formulated in AIN-76A
standard chow by Research Diets Inc. at 1,200 ppm and stored at 4°C
until use. Both control and PLX5622-enriched diets were provided ad
libitum as described in Figure 1. Body weight was reported as an
index of food intake (Supplemental Fig. 1).

18F_DPA-714 PET/CT Imaging

18F_.DPA-714 (TSPO) PET imaging was performed on days 7, 14,
21, and 30 after ischemia using a high-resolution small-animal PET
scanner (32-module quadHIDAC; Oxford Positron Systems Ltd.) with
a uniform spatial resolution of less than 1 mm (in full width at half
maximum) over a cylindric field of view (165-mm diameter, 280-mm
axial length) (73).

Radiotracer was prepared as previously described with more than a
99% radiochemical purity (/4). Once anesthetized, the mice received
12.9 = 2.2 MBq via the tail vein (specific activity, 40-80 GBg/pmol).
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The animals were kept anesthetized in a warmed environment
for 45 min. The scan was acquired from 45 to 65 min after injection.
PET data were reconstructed using a l-pass list-mode expectation-
maximization algorithm with resolution recovery (/3). The images
were corrected only for activity decay. After the PET scan, the animal
bed was transferred into a CT scanner (Inveon; Siemens Medical Solu-
tions) with a spatial resolution of 86 wm. The PET/CT images were
coregistered using a landmark approach.

MRI

T2-weighted MRI was performed on day 1 to delineate the infarct.
After anesthesia (5% isoflurane/air, Forene; Abbott), the mice were
positioned on a heated MRI cradle and fixed by bite and ear bars. The
animals were continuously supplied with 2% isoflurane/air until the
end of the experiment. Respiration and body temperature (37.0°C =
0.5°C) were constantly monitored. A small sheet prepared from 1% v/v
agar/water solution was placed directly on the animal’s head to reduce
susceptibility artifacts and covered with parafilm (Merck KGaA). Two
different systems were used.

With the first system, the cradle was manually positioned in the
center of the 9.4-T small-animal MRI scanner (Biospec 94/20; Bruker
Biospin GmbH). All images were processed and generated using Para-
vision 5.1 (Bruker Biospin MRI). T2-weighted images were acquired
with a fast spin-echo sequence (rapid acquisition with relaxation
enhancement) (repetition time, 7,700 ms; effective echo time, 100 ms;
rapid-acquisition-with-relaxation-enhancement factor, 30; field of
view, 2 X 2 cm; slice thickness, 0.5 mm; interslice distance, 0 cm;
number of slices, 20; matrix, 192 X 192; number of averages, 8).

With the second system, a T2-weighted fast spin-echo 2-dimen-
sional sequence was acquired in a 1-T nanoScan PET/MRI scanner
equipped with an MH20 coil (resolution, 0.27 X 0.27 X 0.9 mm;
Mediso Medical Imaging Systems).

Behavioral Tests
Open-field (OF), grip, rotarod, and pole

fibrillary acidic protein (GFAP), and TSPO expression level were
visualized and quantified by immunoreactivity. Moreover, the TSPO
cellular source was assessed with Iba-1/TSPO, CSF-1R/TSPO, CD68/
TSPO, and GFAP/TSPO costaining. Primary and secondary antibodies
are reported in Supplemental Table 2.

Images were obtained using a confocal microscope (Eclipse NI-E;
Nikon) and displayed with ImageJ software.

Real-Time Quantitative Polymerase Chain Reaction

Real-time quantitative polymerase chain reaction was performed
from snap-frozen half-brain tissues as previously described (7). The
forward- and reverse-primer sequences are reported in Supplemental
Table 3. Relative gene expression was assessed using the AACt
method, with Gapdh (Biomol Gmbh) as a housekeeping gene.

Statistical Analysis

All statistical analyses were performed using SigmaPlot, version
13.0 (Systat Software). The datasets were tested for normal distribu-
tion and equal variance.

The sample size was based on effect size (P = 0.05; power, 1- =
0.80), mortality rates, and previous stroke studies (7,15), in which we
investigated the therapeutic effect of dietary approaches on brain in-
flammation as assessed by '®F-DPA-714 PET imaging. Intraindividual
8E_.DPA-714 PET imaging data, behavioral testing, gene expression,
and immunoreactivity datasets were analyzed by repeated-measures
ANOVA followed by the Sidak post hoc test for multiple compari-
sons, unless stated otherwise. All data are expressed as mean = SEM.

RESULTS

Both experimental groups showed a similar infarct size on day
1 (P =0.59) (Supplemental Fig. 2).

We performed longitudinal '®F-DPA-714 PET/CT imaging to
assess the repopulation process (Fig. 2A). ANOVA indicated sig-
nificantly increased uptake within the infarct compared with the

testing was performed to assess the treatment
effect on motor function recovery as previ-
ously described (7,15). The 4 behavioral tests
were performed the week before surgery and
on days 14 and 35, as indicated in Figure 1.
The protocols are described in the supplemen-
tal materials and methods.

>

Control

Image Analysis

PET/CT images from the same mouse were
manually coregistered with T2-weighted MR
images acquired on day 1. An atlas was ad-
justed to anatomic landmarks, following bone
structures and ventricles, and manually cor-
rected. The infarct was delineated using a
thresholding approach previously described (17).
Uptake was assessed within the T2-weighted
MRI-defined infarct, the atlas-based contralateral
striatum, and manually delineated spleen. Up-
take was reported as percentage injected dose
per milliliter in both regions, and the infarct-to-
contralateral striatum ratio was calculated. 7

PLX5622

18F-DPA-714 uptake

Immunoreactivity
Brains were fixed in 4% paraformalde-
hyde, embedded in paraffin, and cut into

14 21 30 T 14 21 30
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5-pwm coronal sections. Immunohistochemis-

try and immunofluorescence were performed
as previously described (7). Ionized calcium
binding adaptor molecule 1 (Iba-1), glial
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FIGURE 2. (A) Representative '®F-DPA-714 PET/CT images and corresponding T2-weighted MR
images. (B) Quantification of mean '8F-DPA-714 uptake (percentage injected dose/mL) within infarct and
contralateral striatum. (C) Infarct-to-contralateral striatum ratio. Treatment: **P < 0.005. Day 7: P <
0.005. Day 30: 4P < 0.05, #%&p < 0.005. %ID = percentage injected dose; T,w = T2-weighted.
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contralateral striatum over time (Supplemental Fig. 3). Two-way
repeated-measures ANOVA indicated a significant effect of time
(P<0.001), treatment (P =0.007), and time X treatment (P =
0.009) on uptake within the infarct (Fig. 2B). In the control group,
intraindividual comparison indicated that the mean uptake
decreased on day 30 compared with days 14 (P =0.024) and 21
(P =0.022). In PLX5622-treated mice, uptake increased from day
7 to day 14 (P <0.001) and remained elevated on day 21 (P <
0.001). Later, uptake significantly decreased on day 30 compared
with days 14 (P<<0.001) and 21 (P<<0.001) after ischemia. A
treatment effect was observed on days 14 and 21 after ischemia:
PLX5622-treated mice showed increased 'SF-DPA-714 uptake
within the infarct on both day 14 (P <0.001) and day 21 (P =
0.002) compared with control mice. Similarly, the infarct-to-
contralateral striatum ratio indicated a significant effect of both time
(P =0.008) and treatment (P = 0.043) (Fig. 2C). Treatment effects
were observed on days 14 and 21: PLX5622-treated mice showed
higher mean ratios than did control mice on both day 14 (P=
0.043) and day 21 (P = 0.041). '8F-DPA-714 PET imaging data on
days 14 and 30 were further cross-validated by immunohistochemis-
try (Supplemental Fig. 4).

The temporal dynamic of '|F-DPA-714 uptake within the
spleen indicated a treatment effect (P = 0.027) on days 7 and 30
after ischemia, with PLX5622-treated mice showing higher uptake
than control mice (Supplemental Fig. 5).

We determined the number of Iba-1-—positive cells (microglia
and macrophages) within the infarct, at the periphery of the infarct,
and in the contralateral striatum for both experimental groups on
both day 14 and day 35 (Supplemental Fig. 6). On day 14, qualita-
tive assessment of Iba-l1-positive cell morphology indicated a
greater ramification in control than in PLX5622-treated mice at
both the periphery and the contralateral side. On day 35, PLX5622-
treated mice showed a significantly decreased percentage of Iba-
l—positive area within the infarct compared with control mice
(P<0.001).

We further characterized the Iba-1—positive cell population
within the infarct by immunofluorescence (Fig. 3). Both control
and PLX5622-treated mice showed a mixed population of Iba-
1-positive, TSPO—positive, and Iba-1-positive TSPO-negative cells
within the infarct, whereas TSPO expression was higher in
PLX5622-treated mice, in line with the '8F-DPA-714 PET data
acquired on day 14. However, PLX5622-treated mice showed a
higher number of Iba-1-positive CSF-1R—positive, and Iba-1-posi-
tive CD68—positive (activated myeloid cells) cells within the infarct
than did control mice, in line with the repopulation process.

We investigated the potential treatment effect of short-term
CSF-1R inhibition on (GFAP-positive) astrocytes on days 14 and
35 after ischemia (Supplemental Fig.7). On day 14, PLX5622-
treated mice showed a significantly higher percentage of GFAP-
positive area than did control mice within the infarct (P = 0.014)
or the contralateral striatum (P <<0.001). A sustained effect was
observed in the contralateral striatum on day 35. However, no
colocalization between GFAP and TSPO was observed, indicating
that astrocytes did not contribute to '*F-DPA-714 PET signal.

Gene expression of microglia- or macrophage-related markers
was assessed on day 14 (Fig. 4). PLX5622-treated mice showed
significantly higher csf-1r (P =0.001) and aifl (also known as
Iba-1) (P =0.008) expression than did control mice in the contra-
lateral hemisphere. A good correlation between csf-/r and aifl
was observed (R* = 0.86, P =0.34, Supplemental Fig. 8). More-
over, PLX5622-treated mice showed a significant increase in

SHORT-TERM CSF-1R INHIBITION IN STROKE *
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FIGURE 3. Immunofluorescent staining for TSPO, CSF-1R, and CD68 in
Iba-1—-positive cell population in both control and PLX5622-treated mice
on day 14 after ischemia. < = Iba-1-positive cell positive for marker; > =
Iba-1-positive cell negative for marker; scale bar = 20 um. DAPI = 4',6-
diamidino-2-phenylindole.

p2ryl2 expression, a marker for antiinflammatory activated micro-
glia, compared with control mice in both infarct (P = 0.043) and
contralateral (P = 0.01) hemispheres. On the other hand, PLX5622
treatment significantly decreased cx3crl (fractalkine receptor con-
stitutively present on microglia and macrophages, P = 0.009)
in the contralateral hemisphere and mrc/ (mannose receptor
expressed by central nervous system macrophages, P = 0.009)
expression in the infarct hemisphere. Expression of ccr2, found
mostly on monocytes, was significantly increased in the contralat-
eral hemisphere (P = 0.002) but decreased in the ipsilateral hemi-
sphere (P = 0.048) (Fig. 4). No treatment effect was observed on
trem?2 expression, a marker of phagocytic activity (P > 0.05).
Gene expression analysis on day 35 after ischemia indicated long-
lasting treatment effects on aifl, cx3crl, and trem2 gene expres-
sion (Supplemental Fig. 9).

Behavioral tests indicated that PLX5622-treated mice traveled a
longer distance (P <<0.001) and more quickly on day 14 (P =
0.009) than did control mice in the OF (Figs. 5A and 5B). A treat-
ment effect was also observed on the latency to fall in the rotarod
test, with PLX5622-treated mice having an increased latency to fall
compared with control mice (P < 0.005) on both day 14 and day 35
after ischemia (Fig. 5C). No treatment effect was observed on motor
functions or coordination assessed with the pole test (P = 0.47)
(Fig. 5D). Additionally, forelimb strength was significantly better
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traveled and a higher velocity in 3 of the 4
selected tests, suggesting that repopulation
could rescue motor functions. Altogether, this
study highlighted the renewal of the microglia
and macrophage compartment with CSF-1R
inhibitor as a possible new immunomodula-
tory treatment paradigm after stroke that might
be tracked by ®F-DPA-714 PET imaging.
TSPO is a transmembrane protein found
at the outer mitochondrial membrane in-
volved in metabolic functions (/6). TSPO
expression is markedly increased in glial
cells (microglia and astrocytes) and peri-
pheral immune cells (monocytes and lym-
phocytes) under inflammatory conditions,
making it a suitable biomarker of inflam-
mation or activated immune cells (/7).
8F_DPA-714 PET has been used in
many translational studies to track TSPO-
dependent inflammatory reactions after stroke
(7,9,10,15). Many studies have confirmed that
the dynamics of '8F-DPA-714 tracer correlate
with CD11b-positive TSPO-positive or

Infarct

cer2

FIGURE 4. Gene expression of microglia- or macrophage-related markers on day 14 after ische-
mia. Treatment: *P < 0.05, **P < 0.01, ***P < 0.005. Contralateral hemisphere: *P < 0.05, *P <

0.01, ##*P < 0.005. MRNA = messenger RNA.

in PLX5622-treated mice on day 14 (P = 0.038) (Fig. 5E). No cor-
relation between behavioral parameters and tracer uptake on day
14 was observed (OF R*=0.01 [P=0.34], rotarod R*=0.1
[P = 0.44], grip R = 0.55 [P = 0.11]).

DISCUSSION

In this study, we investigated for the first time (to our knowl-
edge) the immunomodulatory effect of CSF-1R inhibition—induced
microglia repopulation in the subacute ischemic period using
in vivo multimodal imaging. We demonstrated that '8F-DPA-714
PET imaging serves as a sensitive biomarker of glial repopulation.
In both experimental groups, the Iba-1—positive cell population
was one of the major sources of TSPO expression whereas astro-
cytes did not express TSPO. After 1 wk of repopulation, the Iba-
1-positive cells displayed significantly higher expression of
TSPO, CSF-1R, and CD68, with altered morphology at the periph-
ery of the infarct and in the contralateral striatum, indicative of an
activated state. Gene expression analysis indicated a treatment
effect on microglia- and macrophage-related gene expression in
line with the repopulation process. Csf-1r and p2ryl2 expression
increased during repopulation, and increased csf-Ir expression
positively correlated with aif7 levels, indicative of microglia and
macrophage repopulation with a potential switch toward an antiin-
flammatory state. Gene expression of peripheral cell recruitment
markers was altered during repopulation, indicating increased
recruitment of peripheral immune cells during microglia depletion
whereas repopulation may reverse the effect. This hypothesis was
supported by the significantly increased spleen uptake after deple-
tion, as a sign of increased systemic inflammation, and by the sub-
sequent decrease during the repopulation process in PLX5622-
treated mice. Additionally, functional outcomes were improved
with repopulation: PLX5622-treated mice showed faster motor
recovery on day 14 after ischemia, including a longer distance
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Iba-1-positive TSPO-positive cell num-
ber, supporting its use for in vivo tracking
of microglia- and macrophage-targeting
immunomodulatory therapies. However,
TSPO PET imaging alone may not be suitable to determine a
treatment time window or assess the therapeutic outcome. The
main reason is that TSPO has multiple cellular sources, which
show a continuum of differentiated states going from pro- to
antiinflammatory phenotypes. Therefore, interpretation of the
TSPO PET signal benefits from dedicated ex vivo analyses for
characterization of the inflammatory response. Nevertheless,
in vivo PET imaging may support the determination of therapeu-
tic windows of immunomodulatory compounds by allowing
intraindividual follow-up and visualization of disease-relevant
molecular processes.

This study supports the use of '*F-DPA-714 to track microglia/
macrophage repopulation after CSF-1R inhibitor withdrawal. We
observed an increased TSPO PET signal within the infarct on days
14 and 21, cross-validated by immunohistochemistry or fluores-
cence. Dual labeling indicated Iba-1—positive cells as one of the
major cellular sources of TSPO expression, whereas astrocytes did
not show any TSPO expression, indicating that uptake was modu-
lated mostly by the microglia/macrophage activity.

On the basis of previously published data (7), a partial depletion
can be expected. According to previous studies, CSF-1R inhibition
triggers increased peripheral immune cell infiltration (4,5). Alto-
gether, it could explain the similar uptake at the end of the treat-
ment period (day 7). Additionally, a recent report indicated that
the repopulation kinetic depends on the extent of microglia deple-
tion (/8). Partial depletion resulted in a slower repopulation rate
than did full depletion. Microglia numbers did not recover within
the first week after partial depletion, whereas the numbers ex-
ceeded control level by +160% after complete depletion (79).
This effect may partly explain the significantly increased TSPO
expression on days 14 and 21 after ischemia. Expression of many
microglia-related markers was increased on day 14 after ischemia
in the infarct or contralateral hemisphere, in line with the repopu-
lation process.
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triggered peripheral recruitment and that
repopulation reversed the process. Support-
ing this hypothesis, we observed signifi-
cantly increased 'SF-DPA-714 uptake in
the spleen during depletion, suggesting an
increased adaptive or peripheral inflamma-
tory response with treatment. However, up-
take in peripheral organs must be corrected
for metabolites for exact interpretation. Still,
we supported previous studies showing that
CSF-1R inhibition could trigger the engraft-
ment of peripherally derived macrophages
into parenchyma and that repopulation re-
duced gene expression involved in monocyte
chemoattraction and leukocyte transmigra-
: “ tion (3,4,22).

In our model of mild cerebral ischemia,
repopulation accelerated motor function
recovery as shown in 3 of the 4 behavioral
tests. Behavioral parameters did not corre-
late with the TSPO PET signal assessed on
day 14. We hypothesized that changes in
the immune cell population could partly
explain the faster recovery in PLX5622-
treated mice, including renewal of the
microglia compartment or an increased
antiinflammatory central or peripheral cell
population within the infarct. A few studies
reported that short-term depletion after a
brain lesion promoted functional recovery
(3,23), correlating with changes in neuro-
protective factor expression.

Late invasive data indicated that repopula-
tion reduced the number of Iba-1—positive
cells within the infarct, decreased cx3crl ex-

14 35
Time (d)

14 35

FIGURE 5. Behavioral tests: distance traveled (A), speed in open field (B), latency to fall during rotarod
test (C), velocity during pole test (D), and forelimb strength as assessed with grip test (E). Treatment:
*P < 0.05, *P < 0.01, **P < 0.005. Baseline: *P < 0.05, #P < 0.01, *#P < 0.005. Day 14: %P < 0.05.

The CSF-1R/CSF-1 axis regulates developmental functions such
as proliferation and survival of microglia (20). Here, our data indi-
cated a global significant increase in csf-/r and CSF-1R expression
in PLX5622-treated mice on day 14 after ischemia, compared with
control animals, as a sign of microglia repopulation after inhibitor
withdrawal. Additionally, P2ry12 is a specific marker for microglia
that is downregulated in a proinflammatory environment and upre-
gulated with exposure to antiinflammatory stimuli, turning into an
interesting biomarker for antiinflammatory microglia (27). Our data
indicated a flare effect on p2ryl2 expression on day 14 after ische-
mia, suggesting that repopulation may trigger a beneficial antiin-
flammatory state favoring tissue recovery. Further characterization
indicated the presence of a highly activated Iba-1-positive
CD68—positive cell population in PLX5622-treated mice triggered
by the repopulation process, as previously reported (/8).

Although gene expression analysis indicated increased micro-
glia-related genes such as csf~Ir, p2ryl2, and aifl, peripheral
immune cell-related genes such as ccr2? and cx3crl were signifi-
cantly downregulated during repopulation within the infarct.
Therefore, we hypothesized that subacute CSF-1R inhibition

SHORT-TERM CSF-1R INHIBITION IN STROKE *

pression and frem2-dependent phagocytic
activity on day 35 after ischemia, but in-
creased astrogliosis. This result suggests that
repopulation may resolve the stroke-induced
microglia and macrophage phenotype.

CONCLUSION

We demonstrated that microglia/macrophage repopulation after
short-term CSF-1R inhibition could be assessed by in vivo !8F-
DPA-714 PET/CT and MR imaging. Repopulation induced
changes in glial morphology, phenotype, gene expression, and cell
recruitment, with signs of improved functional recovery. Further
evaluations should identify which cell subpopulations are respon-
sive to CSF-1R inhibition and repopulation. Overall, we propose a
promising immunotherapy paradigm targeting microglia activity
potentiating stroke recovery.

DISCLOSURE

This work was partly funded by the Horizon 2020 Programme
under grant agreement 675417 (PET3D); the “Cells-in-Motion”
Cluster of Excellence (DFG EXC1003—-CiM), Miinster, Germany;
the Interdisciplinary Center for Clinical Research (IZKF core unit
PIX), Miunster, Germany; and the Herbert Worch Foundation,
Bonn, Germany. No other potential conflict of interest relevant to
this article was reported.

Barca et al. 1413



ACKNOWLEDGMENTS

We thank Dirk Reinhardt, Sarah Koster, Christine Batza, Roman

Priebe, Stefanie Bouma, Irmgard Hoppe, Christa Mollmann, Nina
Knubel, and Florian Breuer for their excellent technical support.

KEY POINTS

QUESTION: Is PET imaging a valuable tool to assess the immuno-
modulatory effect of microglia-targeting therapy?

PERTINENT FINDINGS: Brain repopulation in the inflammatory
environment showed therapeutic effects on stroke outcomes.

IMPLICATIONS FOR PATIENT CARE: '8F-DPA-714 PET imaging
allows tracking of the repopulation process after short-term
CSF-1R inhibition.
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Cardiac Fibroblast Activation in Patients Early After Acute
Myocardial Infarction: Integration with MR Tissue
Characterization and Subsequent Functional Outcome
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After acute myocardial infarction (AMI), fibroblast activation protein
(FAP) upregulation exceeds the infarct region. We sought further
insights into the physiologic relevance by correlating FAP-targeted
PET with tissue characteristics from cardiac MRI (CMR) and functional
outcome. Methods: Thirty-five patients underwent CMR, perfusion
SPECT, and ®8Ga-FAP inhibitor (FAPI)-46 PET/CT within 11 d after
AMI. Infarct size was determined from SPECT by comparison to a ref-
erence database. For PET, regional SUVs and isocontour volumes of
interest determined the extent of cardiac FAP upregulation (FAP vol-
ume). CMR vyielded functional parameters, area of injury (late gadolin-
ium enhancement [LGE]) and T1/T2 mapping. Follow-up was available
from echocardiography or CMR after 139.5 d (interquartile range,
80.5-188.25 d) (n = 14). Results: The area of FAP upregulation was
significantly larger than the SPECT perfusion defect size (58% * 15%
vs. 23% = 17%, P < 0.001) and infarct area by LGE (28% = 11%,
P < 0.001). FAP volume significantly correlated with CMR parameters
at baseline (all P < 0.001): infarct area (r = 0.58), left ventricle (LV) mass
(r = 0.69), end-systolic volume (r = 0.62), and end-diastolic volume (r =
0.57). Segmental analysis revealed FAP upregulation in 308 of 496
myocardial segments (62%). Significant LGE was found in only 56% of
FAP-positive segments, elevated T1 in 74%, and elevated T2 in 68%.
Fourteen percent (44/308) of FAP-positive segments exhibited neither
prolonged T1 or T2 nor significant LGE. Of note, FAP volume correlated
only weakly with simultaneously measured LV ejection fraction at base-
line (r = —0.32, P = 0.07), whereas there was a significant inverse cor-
relation with LV ejection fraction obtained at later follow-up (r = —0.58,
P = 0.007). Conclusion: Early after AMI and reperfusion therapy, acti-
vation of fibroblasts markedly exceeds the hypoperfused infarct region
and involves noninfarcted myocardium. The %8Ga-FAPI PET signal
does not match regional myocardial tissue characteristics as defined
by CMR but is predictive of the evolution of ventricular dysfunction.
FAP-targeted imaging may provide a novel biomarker of LV remodeling
that is complementary to existing techniques.
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left ventricular remodeling
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%8Ga-FAPI PET, CMR, anDp OutcoMe AFTER AMI  »  Diekmann et al.

Fibrotic tissue remodeling after injury leads to functional im-
pairment and an adverse outcome in the affected structure or organ.
In cardiac disease, myocardial fibrosis contributes to the development
and progression of heart failure. Recent evidence has highlighted
molecular pathways that activate quiescent cardiac fibroblasts, which
have emerged as attractive therapeutic targets to support cardiac
repair and mitigate loss of function (/—4).

Acute myocardial infarction (AMI) is an important contributor to
the development of heart failure (5). An immediate and organized
inflammatory immune reaction triggers the activation of quiescent
fibroblasts (6,7). Activated myofibroblasts migrate to injured tissue
and contribute to fibrotic scar formation. A sufficient scar is required
for adequate repair, but an excessive profibrotic response and involve-
ment of remote myocardium support adverse ventricular remodeling,
culminating in progressive contractile dysfunction (6,8). Accordingly,
whereas fibrosis has emerged as a potential therapeutic target, its dou-
ble-edged nature after AMI likely requires a personalized approach
for medical decision making. Noninvasive, quantitative, fibrosis-tar-
geted imaging may be instrumental for this purpose.

Fibroblast activation protein (FAP) is a membrane-bound ser-
ine protease (2,9) highly expressed by activated myofibroblasts.
Recently, several FAP inhibitors (FAPIs) have been introduced for
targeted PET. Initially, ®®Ga-FAPI PET was used for imaging of vari-
ous tumors (/0), but retrospective analysis of oncologic cohorts estab-
lished an association between FAP signal and cardiac risk factors,
including arterial hypertension and diabetes mellitus (/7). Increased
cardiac signal has also been reported after chemotherapy or chest
radiotherapy (12). Recently, experimental studies supported the feasi-
bility of *®Ga-FAPI PET to identify fibroblast activation in animal
models of AMI (73,14). Additionally, clinical reports confirmed a
strong ®®Ga-FAPI PET signal in patients with AMI—signal that fre-
quently exceeded the nonviable infarct area (/5—17). Whether this
phenomenon is predictive of adverse functional outcome, however,
remains unknown. Likewise, the relationship between %8Ga-FAPI
PET signal and cardiac MRI (CMR) tissue characteristics is not well
defined. CMR identifies late gadolinium enhancement (LGE) in
injured regions, and it provides extracellular volume and native T1
and T2 relaxation times as measures of tissue fibrosis (T1) and
edema (T2) throughout the entire myocardium (/8). In contrast to
%8Ga-FAPI PET, which identifies a cellular signal from activated
myofibroblasts, these CMR-derived parameters reflect mostly extra-
cellular tissue composition.

We hypothesized that *Ga-FAPI PET reflects a myocardial sig-
nal early after AMI that is not identical to CMR-derived tissue
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characteristics and that predicts later development of ventricular
dysfunction. Our hypothesis was tested on a cohort of AMI patients
who underwent multiparametric, multimodality noninvasive car-
diac imaging early after standard-of-care reperfusion therapy.

MATERIALS AND METHODS

Study Design and Participants

This retrospective single-center study included 35 consecutive
patients (30 men, 5 women; mean age = SD, 57 = 11 y) who had
undergone clinical resting myocardial perfusion SPECT, FAP-targeted

TABLE 1
Characteristics of the 35 Patients
Variable Characteristic Data
Age (y) 57 = 11
Sex Female 5/35 (14.3)
Male 30/35 (85.7)
Height (cm) 178 = 7
Weight (kg) 86.8 = 15.8
Cardiovascular risk Diabetes 11/35 (31.4)
factors
Arterial hypertension  19/35 (54.3)
Dyslipidemia 25/35 (71.4)
Obesity (BMI 9/35 (25.7)
> 30 kg/m?)
Smoking 21/35 (60.0)
Culprit vessel LAD 24/35 (68.6)
LCX 3/35 (8.6)
RCA 8/35 (22.9)
Symptom to wire time 234 = 190
(min)
Peak creatine kinase 3416 + 3104
(U/L)
Peak C-reactive protein 42.6 = 53.2
(mg/L)
Peak leukocyte count 144 £ 4.4
(1,000/mm?®)
Peak creatinine (mg/dL) 97.1 + 20.7
Medication at PET ASS 32/35 (91.4)
P2Y12 antagonists 35/35 (100)
OAK 3/35 (8.5)
Statins 35/35 (100)
B-blockers 33/35 (94.3)
Noninsulin glucose- 11/35 (31.4)
lowering drugs
Insulin 2/35 (5.7)
ACE inhibitors 22/35 (62.9)
ATII blockers 13/35 (37.1)

BMI = body mass index; LAD = left anterior descending
coronary artery; LCX = left circumflex coronary artery; RCA = right
coronary artery; ASS = aspirin; P2Y12 = the adenosine
diphosphate receptor on platelets; OAK = oral anticoagulation;
ACE = angiotensin-converting enzyme; ATIl = angiotensin 2.

Qualitative data are number and percentage; continuous data
are mean * SD.
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TABLE 2
CMR Data for the 35 Patients
Global function parameters Mean = SD Range
LVM (g) 132.6 + 27.4 87-183
EDV (mL) 1445 + 35.5 79-206
ESV (mL) 79.9 £ 25.0 40-139
SV (mL) 64.7 = 20.1 25-105
LVEF (%) 451 £ 9.6 23-64
LGE (mL) 39.9 = 19.0 0.8-87
LGE (% of ventricle) 28.3 = 11.2 0.7-49
MO (%) 1.0 =12 0-5.2

LVM = LV mass; EDV = end-diastolic volume; ESV = end-systolic
volume; SV = stroke volume; MO = microvascular obstruction.

PET with ®®Ga-FAPI-46, and CMR within 11 d after reperfusion ther-
apy for AMI at Hannover Medical School. All subjects had been
treated by percutaneous coronary intervention and stenting within 4 =
3 h of symptom onset and received dual-antiplatelet therapy. All had
ST-segment elevation, absence of a prior history of AMI or coronary
intervention or other cardiac procedures, success of reperfusion immedi-
ately after angioplasty, absence of systemic immunologic or infectious
or profibrotic disease, and availability of complete imaging datasets,
clinical records, and laboratory parameters. Clinical characteristics and
medication at the time of imaging are summarized in Table 1. Rou-
tinely recorded laboratory values, as determined by standard Hannover
Medical School clinical procedures, included peak creatine kinase as a

* No.9 -
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FIGURE 1. Box plot of perfusion defect size (yellow), activated fibro-

blasts (red), and LGE (gray) in entire patient group, expressed as percent-
age of LV. Bars are mean with range.
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marker of myocardial injury, and C-reactive protein and leukocyte
count as markers of systemic inflammatory response. The institutional
review board approved the project (approval 9553_BO_K_2021), and
all subjects signed a consent form.

Radionuclide Imaging

At 5.0 = 1.5 d after AMI (median, 5.0; range, 3-8 d), resting myocar-
dial perfusion SPECT was performed to determine the success of reper-
fusion, using 388 * 32 MBq of *™Tc-tetrofosmin and a dedicated
cardiac camera (Discovery 530c; GE Healthcare). Infarct size was deter-
mined using commercially available software for polar map generation
(4DM; Invia) and a local reference database for comparison.

FAP-targeted PET was conducted at 7.5 = 1.3 d (range, 5-11 d)
using the specific ligand °®Ga-FAPI-46, which was synthesized in-
house by good manufacturing practices as previously described (/9)
and used clinically according to §13.2b of the German Pharmaceuti-
cals Act, for determination of myocardial injury. Static PET images
were acquired for 20 min using a Biograph mCT 128 PET/CT system
(Siemens), beginning 60 min after intravenous injection of 114 *
22 MBq of ®®*Ga-FAPI-46. Low-dose CT was used for attenuation
correction. Images were iteratively reconstructed, using time-of-
flight and point-spread-function information (True X; Siemens).
SUVyeak and SUV ., were obtained for infarct, remote myocar-
dium, blood pool (left atrium), and other organs using volumes of
interest of 1 ¢cm® and commercial software (syngo.via, V50B; Sie-
mens Healthcare). Cardiac FAP volume was determined by an isocontour
volume of interest including all voxels above an individual threshold (blood
pool SUV jean 12 SDs). We set this threshold because of lack of an estab-
lished alternative standard. Additionally, the area of FAP upregulation was
calculated by polar map analysis, using the same

mass, extent of LGE, and microvascular obstruction. Segmental analysis
included wall thickening, native T1 and T2 relaxation times, and extracel-
lular volume fraction, using the 16-segment model. cvi42 software (Circle
Cardiovascular Imaging) was used.

Follow-up LV Function

In 14 of 35 patients (40%), follow-up LVEF was available from stan-
dardized in-house echocardiography (biplane Simpson method, n = 12)
or repeat cine CMR (n = 2), at a mean of 133 £ 63 d (median, 140 d;
range, 42-214 d) after AML

Statistical Analysis

Statistical analyses were performed using SPSS, version 27, and Graph-
Pad Prism, version 9. Categoric variables are presented with absolute
and relative frequencies. For quantitative continuous variables, testing
of gaussian distribution was performed using Shapiro— Wilk tests.
For data with a gaussian distribution, paired Student ¢ tests or 1-way
ANOVA with Tukey multiple-comparison tests were used. Nonpara-
metric unpaired data were analyzed with Mann—Whitney U tests.
Pearson correlation coefficients were calculated for bivariate corre-
lation analyses. All statistical analyses were performed 2-sided, and
a P value of less than 0.05 indicated statistical significance.

RESULTS

FAP Signal Exceeds the Infarct Region and Correlates with
Blood Markers of Tissue Damage and Inflammation

The perfusion defect size in SPECT was 23% = 17% of the LV,
ranging from 0% to 55%. In 7 of 35 (20.0%) patients, complete

threshold, as previously described (/5). Mean
segmental SUV was calculated using the AHA
17-segment model and polar maps.

CMR

CMR was performed using a 1.5-T scanner
(Magnetom Avanto; Siemens) in 33 of 35
patients (94%) at 4 = 2 d after AMI (median,
4; range, 2-10 d). Cine images were obtained
using a balanced steady-state free-precession
sequence (True FISP; Siemens). Parametric T1
and T2 maps were acquired in 3 short-axis
slices (basal, midventricular, and apical left
ventricle [LV] covering 16 segments [available
for 31 patients]). T1 mapping was performed
using the modified look-locker inversion re-
covery sequence before (native) and after ad-
ministration of contrast agent. Quantitative
balanced steady-state free-procession—based
T2 maps (True FISP) were acquired in corre-
sponding short-axis slices. The upper thresh-
old of normal T1 was defined as 1,023 ms
and T2 as 60 ms according to our clinical
standard (20,21). LGE was imaged by phase-
sensitive inversion recovery sequences, 10-15
min after injection of a 0.15 mmol/kg bolus
of gadolinium-diethylenetriaminepentaacetic
acid (gadobutrol; Bayer Healthcare). Extra-
cellular volume fraction was calculated by
measurement of myocardial and blood T1
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relaxation times before and after administra-
tion of contrast agent and using hematocrit
value. Global analysis included determina-
tion of LV ejection fraction (LVEF), volumes,

%8Ga-FAPI PET, CMR, anD OutcoMe AFTER AMI  +  Diekmann et al.

FIGURE 2. Myocardial perfusion images using ®™Tc-tetrofosmin at rest, ®Ga-FAPI PET, LGE from
CMR, and schematic drawings of LV. Area of fibroblast activation as indicated by 58Ga-FAPI-46 PET
signal exceeds infarct area and LGE signal, the most common type of myocardial FAP distribution. HLA =
horizontal long axis; SA = short axis; VLA = vertical long axis.
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reperfusion was documented by absence of
a significant perfusion defect. Myocardial
injury as measured by LGE volume com-
prised 40 = 19 mL, or 28% = 11% of the
LV (range, 1%-49%), and correlated with
perfusion defect size (r = 0.646, P <
0.001). Other CMR-derived global parame-
ters are summarized in Table 2.

%8Ga-FAPI PET showed a significantly
elevated signal in the territory of the cul-
prit infarct vessel (SUVcar, 6.4 * 1.5) in
all patients. PET imaging ranged from 5 to
11 d after AMI, and no significant relation-
ship between myocardial FAP volume and
time after AMI was detected within this
interval (Spearman p: » = 0.056, P =
0.750). Consistent with prior reports, most
patients showed markedly increased areas
of elevated FAP signal when compared
with either the SPECT perfusion defect
(58% = 15% vs. 23% = 17%, P < 0.001)
or the extent of myocardial injury mea-
sured by LGE (28% * 11%, P < 0.001;
Figs. 1 and 2). Even among the 7 patients
with complete reperfusion and absence of
a SPECT perfusion defect, an elevated
FAP signal was consistently detected in
the affected coronary territory (Fig. 3).
Low amounts of LGE were detected in
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SA
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or

patients without a residual SPECT perfu-
sion defect; however, LGE was less promi-
nent than in other patients (13.7% * 9.8%
vs. 31.5% * 8.8%, P < 0.001), and FAP
signal was significantly greater (54.7% =
19.4%, P < 0.001). Only 3 of 35 patients
had a difference between FAP area and an infarct size of less than
15%, all of whom exhibited large perfusion defects (Fig. 4). The
area of FAP upregulation correlated with perfusion defect size (» =
0.407, P = 0.015) and LGE (r = 0.344, P = 0.050), suggesting
that larger infarcts also lead to larger amounts of replacement fibro-
sis. However, the mismatch area between FAP area and perfusion
defect size as a marker of viable myocardium with activated fibro-
blasts inversely correlated with perfusion defect size (r = —0.622,
P < 0.001). The specific number of days after AMI at which imag-
ing was performed in this study did not have a significant effect on
differences between CMR, perfusion, and ®*Ga-FAPI PET patterns.
Further results of %®Ga-FAPI PET are summarized in Table 3.
Only 2 patients presented with small amounts of microvascular
obstruction (<5%). At 69% (24/35), the left anterior descending
coronary artery was the most frequent culprit vessel (Table 1). FAP
area was larger than in the other coronary territories (left anterior
descending coronary artery, 64.8 £ 12.6, vs. left circumflex coro-
nary artery, 41.0 = 13.8, vs. right coronary artery, 44.1 = 8.7;
P (ANOVA) < 0.001), but mismatch between FAP area and perfu-
sion defect size did not show significant differences among coro-
nary territories.

Signal in remote myocardium and other regions (liver, spleen,
bone marrow, and lung) was low and did not correlate with infarct
signal. Significant correlations were detected between FAP vol-
ume and maximum creatine kinase (» = 0.42, P = 0.012) as well
as inflammatory markers (maximum C-reactive protein: » = 0.43,
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FIGURE 3. Myocardial perfusion images using ®*"Tc-tetrofosmin at rest, ®Ga-FAPI PET, LGE
from CMR, and schematic drawings of LV. No relevant perfusion defect is seen after AMI, because
of complete reperfusion, and there is no significant LGE, but large area of fibroblast activation is
seen. HLA = horizontal long axis; SA = short axis; VLA = vertical long axis.

P = 0.010; maximum white blood cell count: » = 0.31, P =
0.07). Diabetes mellitus was associated with a larger FAP volume
(134 = 53 em® vs. 93 = 36 cm® for patients without diabetes,
P = 0.012), whereas other cardiovascular risk factors were not
associated with FAP signal.

FAP Signal Does Not Match Regional CMR Tissue
Characteristic Segmental Analysis

For segmental correlation with CMR, apex was excluded from
studies, leaving 16 segments per patient and a total of 496 seg-
ments (CMR T1 and T2 mapping available in 31 patients). Over-
all, the segmental mean FAP signal correlated with LGE extent
(r = 0.660, P < 0.001), T1 and T2 relaxation times (» = 0.485,
P < 0.001, and = 0.475, P < 0.001, respectively), and extracel-
lular volume (» = 0.557, P < 0.001). But there were marked dif-
ferences when classifying segments as positive or negative for the
respective tissue parameter (Fig. 5): 308 of 496 (64%) segments
were classified as FAP-positive, using blood pool SUV ean + 2
SDs as a threshold (/5). A transmural LGE signal of more than
25% was present in 172 of 308 segments (56%). A prolonged T1
relaxation time above 1,023 ms (22), a threshold indicative of tis-
sue fibrosis, was present in 227 of 308 segments (74%). A pro-
longed T2 relaxation time longer than 60 ms (27), consistent with
edema, was present in 210 of 308 segments (68%). Of note, 44 of
308 (14%) FAP-positive segments had normal T1 and T2 relaxa-
tion and no relevant LGE. This confirms that FAP signal frequently
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FAP-Positive Segments Present with
Impaired Contractility

Segmental SUV can (496 segments)
showed a mild but significant inverse corre-
lation with segmental wall thickening (r =
—0.224, P < 0.001). When 3 subgroups of
segments were compared, normally perfused
segments without FAP signal had signifi-
cantly greater wall thickening than normally
perfused segments with elevated FAP signal,
whereas wall thickening was least in hypo-
perfused segments, all of which had an ele-
vated FAP signal (Fig. 6).

Polarmaps

100%

FAP Signal Correlates with Ventricular
Geometry and Functional Outcome

At baseline, FAP volume significantly
correlated with LV mass (r = 0.69, P >
0.001), end-diastolic volume (» = 0.57,
P > 0.001), end-systolic volume (» = 0.62,
P > 0.001), and LGE volume (» = 0.58,
P > 0.001). A trend to correlation was
detected between FAP volume and initial
LVEF (r = —0.32, P = 0.07). Interestingly,
FAP volume showed a stronger, significant
correlation with LVEF at follow-up (r =
—0.583, P = 0.007; Fig. 7). Among patients
with complete follow-up, those with at least

FIGURE 4. Myocardial perfusion images using *®™Tc-tetrofosmin at rest, ®®Ga-FAPI PET, LGE from
CMR, and schematic drawings of LV. Fibroblast activation only marginally exceeds infarct region.

HLA = horizontal long axis; SA = short axis; VLA = vertical long axis.

extends beyond areas that are abnormal at CMR tissue characteri-
zation. Only few FAP segments showed LGE or altered T1 and
T2 relaxation times. In these segments, LGE most likely reflects
chronic stages of preexisting scar, potentially due to cardiovas-
cular comorbidities. Furthermore, elevated signal in T1 and T2
mapping in the absence of FAP signal may identify segments
with edema but no fibroblast activity.

1 FAP-positive but T1-, T2-, and LGE-nega-
tive segment (n = 6) had a lower follow-up
LVEF than those without such segments
(n = 6;47% * 8% vs. 57% * 3%, P =
0.02). Overall, this finding suggests that
a higher number of activated fibroblasts early after AMI is associ-
ated with more severe LV dysfunction in the subsequent chronic
stage after AMI.

DISCUSSION

Our results confirm that regional upregulation of FAP by acti-
vated fibroblasts yields a very high contrast between the injured

TABLE 3
Radionuclide Imaging Data

All patients (n = 35) CMR available (n = 33)
Variable Mean = SD Range Mean = SD Range
Perfusion defect (SPECT % of polar map) 232 £ 17.4 0-55 23.6 = 17.4 0-55
PET signal (*®Ga-FAPI-46 SUVpeai)
Spleen 1.43 = 0.40 0.96-2.61 1.43 = 0.41 0.96-2.61
Liver 1.50 = 0.47 0.82-2.93 1.48 = 0.47 0.82-2.93
Bone marrow 1.05 = 0.29 0.61-2.04 1.05 = 0.29 0.61-2.04
Lungs 0.82 + 0.32 0.34-2.17 0.81 = 0.33 0.34-2.17
Blood pool (left atrium) 1.97 = 0.40 1.82-3.21 1.97 = 0.40 1.82-3.21
Remote myocardium 1.41 = 0.38 0.91-2.84 1.41 = 0.39 0.91-2.84
Infarct 6.41 = 1.53 3.52-10.60 6.54 = 1.46 4.24-10.60
Area of FAP upregulation (% of polar map) 58.0 = 15.4 29-90 57.7 = 15.8 29-90
Volume of FAP signal (cm®) 105.8 = 45.6 33.6-215.4 105.9 = 46.6 33.6-215.4

%8Ga-FAPI PET, CMR, anD OutcoMe AFTER AMI  +  Diekmann et al.
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interest because it suggests that the results of
%8Ga-FAPI PET are not interchangeable with
CMR tissue characteristics. Rather, **Ga-
FAPI PET may add further, biologically
distinct, information. Currently, LGE imag-
ing is well established for detection of focal,
mostly replacement fibrosis after myocardial
injury in ischemia, inflammation, or cardio-
myopathy. But cardiac pathologies, includ-
ing diffuse, mostly interstitial alterations
such as fibrosis or edema, cannot be quan-
tified adequately by LGE (24). For this
purpose, CMR mapping techniques that
quantitatively determine tissue relaxa-
tion times for T1 (prolonged, for example,
in interstitial fibrosis and infiltration) and
T2 (primarily reflecting water content and
prolonged in edema and inflammation) have
been successfully designed. These parame-
ters are increasingly applied in clinics (25)
and provide information about the extent
and composition of extracellular space. Myo-
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cardial fibrosis is commonly defined as an
expansion of the cardiac interstitium by
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deposition of extracellular matrix proteins
such as collagen. But modern concepts of
the pathogenesis of fibrosis increasingly
emphasize the role of cellular components,
for which there is a tight interplay between

FIGURE 5.

complete datasets, resulting in total of 496 segments.

infarct and periinfarct region and unaffected remote myocardium,
blood pool, and surrounding structures. FAP upregulation mark-
edly exceeds the infarct region in patients early after AMI and
standard-of-care reperfusion therapy. This result is consistent with
the notion that FAP upregulation plays a role not only in replace-
ment fibrosis in the primary injured region but also in reactive
fibrosis that may compromise noninfarcted myocardium (/5,23).
Our observation of a link between extent of early FAP signal and
LV dysfunction at later follow-up lends further support to this con-
cept. Our results suggest that the FAPI signal is a multifactorial
parameter that integrates a variety of influencing factors in the com-
monly heterogeneous clinical setting of patients early after AMI.
Yet, the association with functional outcome makes the parameter
intriguing for further exploration.

Integrative multimodal segmental analysis provides further insights
into the relationship between fibroblast activation and extracellular
tissue composition. Interestingly, the mismatch between FAP area
and perfusion defect size was larger when infarct size was smaller.
Speculatively, larger amounts of myocardial salvage and reperfusion
injury may contribute to this elevated FAP signal as a potential pre-
cursor of interstitial fibrosis. Future studies may provide further
insights into these interrelations. Although we found that FAP upre-
gulation grossly correlated with CMR tissue parameters, there were
relevant regional discordances. A significant fraction of FAP-positive
segments not only exhibited absent LGE but also lacked prolongation
of T1 and T2 relaxation times on CMR. This finding is of particular
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(A) Patient example with FAP-positive, T1-negative, T2-negative, and LGE-negative
segment. (B) Segmental comparison of myocardial ®3Ga-FAPI-46 distribution, native T1 and T2
mapping, and LGE from CMR, using 16-segment model (apex excluded) in 31 AMI patients with

functionally diverse subsets of fibroblasts,
extracellular matrix composition, and regu-
lation by the immune system (26). **Ga-
FAPI PET identifies the cellular component
of this process by specifically visualizing
expression of FAP on activated myofibro-
blasts (9,13,14). Our results suggest that this profibrotic cellular
signal is abundant in the territory of the infarct vessel early after
AMLI, that it may be present in myocardial segments that do not yet
show elevated T1 relaxation as a measure of interstitial protein
deposition, and that it may be present in segments that still do not
show elevated T2 as a measure of edema. Speculatively, elevated
FAP signal is an early and abundant fibroblast response after reper-
fusion and its immediate inflammatory reaction. The cellular FAP
signal may then precede the subsequent deposition of extracellu-
lar matrix that establishes overt fibrosis. Clearly, further work is
needed to elucidate the relative time course of the cellular, PET-
derived signal and the interstitial, CMR-derived signal, along with
their importance for functional outcome and for guidance of thera-
peutic interventions. In this regard, it should be noted that PET with
other, immune cell-targeted, tracers may also identify the cellular
component of inflammation, for integration with fibrosis-targeted
imaging (27,28).

Regional patterns in our AMI patients suggest that the area of
FAP upregulation may be interlinked with the ischemic area at
risk. Prior SPECT studies have shown the feasibility of area-at-
risk assessment using perfusion imaging after radiotracer injection
before and after reperfusion of AMI (29). Yet, this logistically
demanding approach is not broadly feasible and has not been
available in our setting. In CMR, area at risk has been proposed
to be estimated via quantity of edema in T2-weighted images,
but preclinical histologic validation delivered partly inconclusive
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FIGURE 6. Three groups for analysis of wall thickening and contractility:
FAP-negative and normally perfused segments representing remote myo-
cardium, FAP-positive but normally perfused segments representing border
zone, and FAP-positive segments with reduced perfusion representing core
infarct zone. Wall thickening was significantly impaired in all FAP-positive
segments with or without reduced perfusion (infarct and border zones).
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FIGURE 7. Correlation between global myocardial FAP volume early
after AMI and synchronously measured markers of cardiac geometry and
function from CMR. (A-D) Volume of LGE (mL) (A), LV mass (LVM; g) (B),
end-systolic volume (ESV; mL) (C), and end-diastolic volume (EDV; mL)
(D). (E and F) Nonsignificant trend to correlation with LVEF at baseline (E),
and significant correlation with follow-up LVEF (F).

%8Ga-FAPI PET, CMR, anDp OutcoMe AFTER AMI  »  Diekmann et al.

results on colocalization of edema and area at risk (30). In our study,
FAP signal partly colocalized with detected edema in T2-weighted
images. Interestingly, the mismatch of FAP area and perfusion defect
size was larger when infarct size was smaller, suggesting a rela-
tionship with successful reperfusion. FAP-positive segments also
showed impaired wall thickening both in the infarct and in the bor-
der zone, where it may reflect regional postischemic stunning. And
last, the detected correlation of FAP uptake with levels of creatine
kinase suggest an association between number of activated fibro-
blasts and ischemia/reperfusion ischemic injury. Ultimately, the
relationship between area of fibroblast activation and area at risk
warrants further investigation. Inclusion of myocardial perfusion
imaging after tracer injection before revascularization, or the addi-
tion of stress perfusion imaging for flow reserve measurements,
may be helpful in this regard in the future.

The long-term importance of imaging the myofibroblast compo-
nent of profibrotic activity will depend on its predictive value for
subsequent LV remodeling and heart failure progression. Our
results show that the area of fibroblast activation at the time of
PET imaging was associated with the extent of injury and geomet-
ric features such as the mass and volume of the LV, whereas the
relation with contractile function was less pronounced initially.
This relationship, however, changed at follow-up in the chronic
post-AMI stage, when a larger extent of FAP signal early after
AMI was associated with more severe contractile dysfunction.
Notably, we even observed a lower mean follow-up LVEF in
patients with a FAP-positive but CMR-negative tissue signal early
after AMI. This might be a first indicator supporting an indepen-
dent relevance of myocardial FAP signal for functional out-
come; however, follow-up of LV function was available in only
14 patients. A larger prospective work will be needed to con-
firm these results.

We also observed a larger extent of myocardial fibroblast acti-
vation in a subgroup of patients with diabetes mellitus, whereas no
differences were found analyzing other cardiovascular risk factors
(age, sex, arterial hypertension, hyperlipidemia, smoking, and
obesity). This finding was independent of infarct size. In AMI,
diabetes mellitus is associated with elevated long-term mortal-
ity (31,32). Also, it has been shown that patients with adult-
onset diabetes may exhibit extensive perivascular, interstitial,
and even replacement fibrosis, in the absence of hypertension or
coronary artery disease (33). The molecular mechanisms re-
sponsible for the contribution of diabetes mellitus to cardiac
fibrosis remain poorly understood (34). Whether a more pro-
nounced fibroblast activation in response to ischemic hypoper-
fusion plays a role in the adverse outcome of diabetic patients is
another hypothesis generated by our preliminary observation
that should be tested in subsequent studies.

A strong FAP signal was measured in the affected region,
whereas signal from remote myocardium and other regions (liver,
spleen, bone marrow, and lungs) was much lower. This supports
the feasibility of FAP-targeted imaging to guide antifibrotic ther-
apeutic strategies. Importantly, it also supports the feasibility of
FAP-targeted therapies themselves, which may modulate and
attenuate profibrotic activity if administered precisely in suitable
individuals and at the right time (3). In the future, molecular imag-
ing using FAPI ligands might help us to understand mechanisms
and select patients for individual treatment using advanced antifi-
brotic measures.

Some limitations of our work should be considered. The sample
size was small, and the analysis was retrospective, leading to even
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smaller samples for follow-up. No serial imaging was performed,
and the time course of the FAP signal after AMI remains incom-
pletely defined. We chose to use a threshold for detection of FAP-
positive myocardial areas because of absence of an established
standard. This approach was pursued as a best possible approach
in the absence of validated alternatives. Other measures such as
the SUV or segmental analyses were threshold-independent and
confirm the major conclusions of our work. Our work should be
seen as hypothesis-generating for further studies, which may
aim at identifying the optimal time point for imaging FAP
expression to predict the progression of postinfarct remodeling
most effectively. Further work may also focus on defining the
incremental value of FAP-targeted imaging over standard clini-
cal risk markers, CMR, and other molecular targeted approaches
such as imaging of the inflammatory response to injury (3J).
The outcome sample of this study was too small for meaningful
multivariate analyses. Finally, matching of PET and CMR results
may not have been perfect because studies were obtained on sepa-
rate camera systems on different days. We also cannot completely
discount possible variation of imaging parameters over time in this
study, although we sought to minimize effects by performing imag-
ing on 3 consecutive days, when possible. PET signal was signifi-
cantly elevated in the infarct region and in the periinfarct region,
where wall thickening was impaired as a consequence of ischemic
injury. Partial-volume effects were considered minor therefore, and
in the absence of established methods, no correction for partial-vol-
ume effects was applied. In the future, hybrid PET/MRI systems
may offer simultaneous acquisition of CMR and PET parameters
of myocardial repair after AMI (36).

CONCLUSION

Taken together, this work provides new insights into the
regional pattern of fibroblast activation early after AMI. The area
of elevated FAP signal reaches beyond the injured infarct region
and may even involve regions without prolonged T1 or T2 relaxa-
tion as CMR markers of interstitial fibrosis, infiltration, or edema.
This suggests that the cell-based signal of fibroblast activation is
distinct from CMR-derived interstitial characteristics and may be
complementary. Importantly, the early FAP signal was associated
with a subsequent impairment of LV function, suggesting that it
may be a predictor of adverse LV remodeling.

DISCLOSURE

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG, Clinical Research Unit KFO 311: Johann Bauer-
sachs and Frank Bengel; Clinician Scientist Program PRACTIS:
Johanna Diekmann), the Leducq Foundation (Transatlantic Network
“Immunofib HF”: Frank Bengel, James Thackeray, and Johanna
Diekmann), and “REBIRTH—Research Center for Translational
Regenerative Medicine” (State of Lower Saxony: James Thackeray,
Johann Bauersachs, and Frank Bengel). No other potential conflict
of interest relevant to this article was reported.

ACKNOWLEDGMENT

Precursor for ®*Ga-FAPI-46 was kindly provided by Uwe Haber-
korn, MD, University of Heidelberg.

1422

KEY POINTS

QUESTION: Does myocardial fibroblast activation early after AMI
correlate with CMR tissue characteristics, and is it predictive of
subsequent development of ventricular dysfunction?

PERTINENT FINDINGS: Thirty-five patients underwent
88Ga-FAPI-46 PET and CMR within 11 d after reperfusion therapy
for AMI. The region of fibroblast activation on ®Ga-FAPI PET
extended beyond the fibrotic scar. Also, there were segmental
discrepancies between FAPI signal and T1 and T2 relaxation times
from CMR. FAPI signal early after AMI correlated with reduced
LVEF in the subsequent chronic stage.

IMPLICATIONS FOR PATIENT CARE: °®Ga-FAPI PET may be
complementary to CMR and serve as an independent marker of
the risk of adverse cardiac remodeling after AMI.
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Consensus about a standard segmentation method to derive meta-
bolic tumor volume (MTV) in classical Hodgkin lymphoma (cHL) is
lacking, and it is unknown how different segmentation methods influ-
ence quantitative PET features. Therefore, we aimed to evaluate the
delineation and completeness of lesion selection and the need for
manual adaptation with different segmentation methods, and to
assess the influence of segmentation methods on the prognostic
value of MTV, intensity, and dissemination radiomics features in cHL
patients. Methods: We analyzed a total of 105 '8F-FDG PET/CT
scans from patients with newly diagnosed (n = 35) and relapsed/
refractory (n = 70) cHL with 6 segmentation methods: 2 fixed thresh-
olds on SUV4.0 and SUV2.5, 2 relative methods of 41% of SUV
(41max) and a contrast-corrected 50% of SUVeak (AS0P), and 2 com-
bination majority vote (MV) methods (MV2, MV3). Segmentation qual-
ity was assessed by 2 reviewers on the basis of predefined quality
criteria: completeness of selection, the need for manual adaptation,
and delineation of lesion borders. Correlations and prognostic perfor-
mance of resulting radiomics features were compared among the
methods. Results: SUV4.0 required the least manual adaptation but
tended to underestimate MTV and often missed small lesions with low
8F_FDG uptake. SUV2.5 most frequently included all lesions but
required minor manual adaptations and generally overestimated MTV.
In contrast, few lesions were missed when using 41max, A50P, MV2,
and MV3, but these segmentation methods required extensive manual
adaptation and overestimated MTV in most cases. MTV and dissemi-
nation features significantly differed among the methods. However,
correlations among methods were high for MTV and most intensity
and dissemination features. There were no significant differences in
prognostic performance for all features among the methods. Conclu-
sion: A high correlation existed between MTV, intensity, and most dis-
semination features derived with the different segmentation methods,
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and the prognostic performance is similar. Despite frequently missing
small lesions with low '®F-FDG avidity, segmentation with a fixed
threshold of SUV4.0 required the least manual adaptation, which is
critical for future research and implementation in clinical practice.
However, the importance of small, low '®F-FDG-avidity lesions should
be addressed in a larger cohort of cHL patients.

Key Words: Hodgkin lymphoma; segmentation methods; '®F-FDG
PET/CT; outcome prediction; radiomics
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The 18F_FDG PET/CT scan is standard of care for staging and
response evaluation in the treatment of classical Hodgkin lym-
phoma (cHL) (/). Optimizing baseline risk stratification contributes
to the implementation of individualized treatment strategies aiming
to lower toxicity in patients with favorable prognostic characteris-
tics and identification of patients with unfavorable prognostic char-
acteristics early for treatment with other therapies (2—4). The use of
quantitative PET features to improve risk stratification could be
implemented in clinical practice if workflows are optimized.
Several studies have shown that metabolic tumor volume (MTV) is
a potential prognostic marker in newly diagnosed (ND) and relapsed/
refractory (R/R)-cHL (4-11). However, there are different methods
for assessing MTV, and there is no consensus which method performs
best in cHL patients in terms of prognostic performance, ease of use,
and interobserver variability (1/2). MTV assessment is especially chal-
lenging in disseminated diseases such as lymphoma. cHL is a hetero-
geneous disease that is typically localized in the mediastinal and
paraaortic regions, mainly affecting young patients who frequently
show high physiologic '¥F-FDG uptake in brown fat and muscles (/).
These regions with high physiologic '*F-FDG uptake impede accu-
rate delineation of tumor lesions nearby. Therefore, it is important to
evaluate different segmentation methods specifically for cHL.
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Although manual segmentation is the current standard for deter-
mining MTV, it is time-consuming and prone to interobserver vari-
ability (/2). Semiautomatic segmentation includes algorithms that
select regions with high '®F-FDG uptake above the threshold of a cer-
tain SUV. Segmentation of the MTV can be performed by either pre-
defining regions of interest in which lesions will be automatically
selected or by starting with automatic segmentation and deleting
regions with high physiologic '®F-FDG uptake (e.g., brain, liver, kid-
neys) thereafter. Although the segmentation method applied can sig-
nificantly impact the MTV, it is unknown how each method affects
other quantitative PET radiomics features, such as patient-level dis-
semination parameters (/3—17). Besides, no comparative studies have
been performed that address representativeness of the segmented
MTV with the visual interpretation of the MTV in cHL patients.

The aim of our research was to evaluate the delineation and
completeness of lesion selection, and the need for manual adapta-
tion with 6 different semiautomatic segmentation methods, and to
assess the influence of the segmentation method on the prognostic
value of MTV, intensity, and dissemination radiomics features in
scans of cHL patients.

MATERIALS AND METHODS

Study Population

PET/CT scans from ND-cHL patients were collected from study
cohorts of the Amsterdam UMC (n = 35) (2,18). PET/CT scans of
patients with RR-cHL were collected from 3 clinical trials conducted
in Amsterdam UMC, The Netherlands (» = 47) and Memorial Sloan
Kettering Cancer Center, New York (n = 23) (2—4). All patients had
biopsy-proven cHL, and the PET/CT scan was obtained before the
start of therapy. All patients provided written informed consent for
participation in the clinical trials (NCT02280993, NCT00255723,
NCTO01508312) or biobank cohort (/8) of which the study protocols
were approved by Institutional Review Boards and Ethics Committees
of the centers that conducted the trials. For secondary use of data for
this analysis, a waiver was obtained from the Ethics Committee.

8F.FDG PET/CT Scans and Quality Control

The PET/CT systems used to acquire the scans were EANM Research
GmbH (EARL, Europe)- or American College of Radiology (ACR,
United States)-accredited (/9). PET/CT scans were deidentified at the
participating centers and centrally collected. PET scans that did not meet
the following 4 criteria, described by European Association of Nuclear
Medicine guidelines (/9), were excluded from analysis: plasma glucose
< 11 mmol/L; reconstruction of attenuation-corrected PET according to
guidelines described by EARL or ACR; total image activity (MBq)
between 50% and 80% of the total injected '®F-FDG activity or liver
SUV nean between 1.3 and 3.0; and essential PET acquisition data and
clinical data available (19).

Segmentation of the Volume of Interest (VOI)
Attenuation-corrected PET scans were analyzed using the ACCU-
RATE tool (20). Six different semiautomatic methods were used for each
scan to select the VOI: 2 fixed thresholds of SUV4.0 and SUV2.5, 2 rela-
tive thresholds of 41% of SUV .« (41max) and a contrast-corrected 50%
of SUVeax (AS0P), and 2 majority vote (MV) methods selecting voxels
that are chosen with =2 (MV2) and =3 (MV3) of the previously men-
tioned fixed or relative methods, respectively. The VOI was delineated by
automatic preselection of '®F-FDG-avid structures using the 6 different
segmentation methods and a volume threshold of =3 mL. Nontumor
regions were deleted and lymphoma lesions < 3 mL were added with
single mouse clicks. If tumor regions were adjacent to nontumor 'SF-
FDG-avid regions (e.g., heart, liver, bladder), nontumor regions were
either removed manually or tumor segmentation was restricted by placing

PET SEGMENTATION IN HODGKIN LYMPHOMA ¢

a border or mask, which prevented selection of lesions outside the border
(Fig. 1A). Only focal extranodal and splenic lesions were included in the
VOI. A global increase in '®F-FDG uptake of the spleen or bone marrow
was not included in the VOI. Delineations were performed under supervi-
sion of a nuclear medicine physician.

Quality Scores of Representativeness of Segmentations
Compared with Visual Judgment

The quality of the segmentation by the 6 different methods was
assessed using 3 quality score (QS) criteria (Table 1): completeness of
selection of the VOI (i.e., were all tumor-lesions selected); require-
ment of manual adaptation after semiautomatic segmentation (i.e.,
manual removal of nontumor regions); and delineation quality of the
VOI (i.e., does the VOI border reflect the visual interpretation of the
E_FDG-avid tumor area on the PET scan?).

Two reviewers performed the QS assessment for each of the 6 seg-
mentations for all scans, masked to patient outcome. Completeness of
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FIGURE 1. Examples of semiautomatic segmentation. (A) Minimal-
intensity projection (MIP) of the PET scan before segmentation; automatic
selection with the 41max method missed multiple lesions; adding missing
lesions resulted in flooding into the heart, tonsils, and brain; manual adap-
tation by placing a border around the volume of interest before segmen-
tation resulted in complete selection. (B) Segmentation with SUV4.0 was
scored as “missing minor lesions” and “representative delineation.” Seg-
mentation with SUV2.5, 41max, A50P, MV2, and MV3 were scored as
“complete segmentation” with “overestimation of delineation.” Segmen-
tation with 41max flooded into the heart and required minor manual
adaptation. Segmentation with MV2 flooded into the heart and liver and
required major manual adaptations.
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TABLE 1
Definitions of Quality Scores for Visual Assessment of Segmentation Quality

Quality score Level

Definition

Completeness of selection Complete

Missing minor lesions

Missing major lesions
Manual adaptation No adaptation
Minor adaptation
Major adaptation
Delineation

Representative

Underestimation
Overestimation

All visible tumor lesions are selected.

Missing lesions are < 3 mL and within the selected VOI region
(e.g., considered not to influence the Dmax).

Lesions are missing that are either = 3 mL or outside the
selected VOI region (e.g., considered to influence the Dmax).

No manual adaptation is required. Adding lesions with single
mouse clicks is not considered manual adaptation.

Manual adaptation is required to obtain a representative selection
of the VOI by removing a maximum of 1 nontumor region.

Extensive manual adaptation is required by removing > 1
nontumor region.

Delineation of VOI borders is representative of the visual
interpretation of the tumor.

Delineation of VOI borders is underestimated.
Delineation of VOI borders is overestimated.

selection and delineation QS were assessed independently, followed by
a consensus meeting in which the reviewers reached a consensus on all
discrepancy scores and assigned a final QS to each segmentation. The
manual adaptation QS was assessed in consensus between the reviewers
during review of the segmentation of scans. An example of the QS
assessment by the 6 segmentation methods is included in Figure 1B.

Radiomics Feature Extraction

RaCat software (developed by Professor Ronald Boellaard; Amsterdam
UMC) was used to extract 18 patient-level dissemination features from
the complete MTV at patient level (2/). Dissemination features included
several novel features addressing interlesional heterogeneity based on dis-
tance, volume, SUV .y, and SUV e (the 1 mL with the highest SUV
within the VOI). In addition, MTV, SUV 41, SUVpeak, SUV nean, and total
lesion glycolysis were extracted from the VOI. An overview of all fea-
tures and its definitions are provided in Supplemental Table 1 (supplemen-
tal materials are available at http://jnm.snmjournals.org).

Statistical Analysis

QS of segmentations were analyzed descriptively and compared
using x? tests for the whole cohort and separately for ND-cHL and
RR-cHL patients. MTV, intensity, and dissemination radiomics fea-
tures were compared between the ND-cHL and RR-cHL cohorts using
the Wilcoxon rank sum test for nonparametric data. Further analyses
were performed on the whole cohort. Correlations of MTV, intensity,
and dissemination radiomics features among the 6 different segmenta-
tion methods were assessed using Spearman rank coefficients correla-
tion. Receiver-operating-characteristics analysis was used to calculate
the area under the curve (AUC) for each feature per segmentation
method on the whole cohort. An event was defined as the occurrence
of progressive disease within 3 y, and patients who died without pro-
gression were excluded. AUC curves were compared using a paired
t test as described by DeLong et al. (22).

Statistical analysis was performed using R software (version 4.0.3; R
Core Team). A P value of < 0.05 was considered statistically significant.

RESULTS

Patient Characteristics
A total of 105 PET/CT scans of patients with ND-cHL (n = 35)
and RR-cHL (n = 70) were included in the analysis (Supplemental
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Table 2). A comparison of radiomics features between ND-cHL
and RR-cHL showed no significant differences for most features,
except for MTV, SUV ., and Dvol (the maximum difference in
volume between lesions), which were all higher in ND patients
than in RR patients (Supplemental Table 3).

Quality Scores of Segmentations

Agreement of QS assessment between the 2 reviewers was high
(91% for segmentation quality and 82% for delineation quality).

Segmentation resulted in complete selection of all lesions in
most cases (Fig. 2A; Supplemental Table 4). SUV2.5 showed the
highest rate of complete selection, followed by 4lmax, MV2,
AS0P, and MV3, while SUV4.0 frequently missed minor (59%)
and major (10%) lesions. When the SUV4.0 method was used,
91% of scans could be segmented without any manual adaptation
(Fig. 2B). The SUV2.5 method required minor adaptations in 37%
of scans and 7% major adaptations. When the 41max and MV2
methods were used, only 30% and 34% of scans could be seg-
mented without manual adaptation, and in 47% and 33% of cases,
major manual adaptations were required, respectively. When A5S0P
and MV3 were used, about 50% of scans did not require manual
adaptation. None of the methods resulted in a high percentage of
representative delineation of tumor borders (Fig. 2C). SUV4.0,
SUV2.5, and MV3 resulted in representative delineation in about
50% of cases, whereas SUV4.0 tended to underestimate the MTV
and SUV2.5 and MV3 tended to overestimate the MTV in the
remaining cases. The 41max, A50P, and MV2 methods resulted
in representative delineation in less than 30% and usually over-
estimated the MTV.

No significant differences were observed for QS between ND and
RR patients, except for completeness of selection in which complete
selection rates were higher in RR patients than in ND patients with
41max, A50P, or MV3 (Supplemental Fig. 1).

Comparison of Features

MTV differed significantly among the segmentation methods. The
median MTV per method ranged between 44 and 143 mL (Fig. 3;
Supplemental Table 5). SUV4.0 resulted in a significantly lower
MTYV than all other segmentation methods (P < 0.001). The number
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Prognostic Performance per Method
Except for MV2, the AUC of the receiver-
operating characteristics did not differ signifi-
cantly among the segmentation methods for
all features assessed (Fig. 5; Supplemental
Table 7). The highest AUCs were observed
for MTV (range, 0.62—-0.65), total lesion gly-
colysis (range, 0.63—0.65), number of lesions
(range, 0.55-0.63), spread in volume (Vol-

Spread) (range, 0.58-0.65), and the differ-
ence in SUV,., between the hottest lesion
and all other lesions (DSUVpeakSumHot)
(range, 0.56-0.63). Of all methods MV2
showed the lowest AUC for the various fea-
tures (median AUC of all variables, 0.55).

Delineation quality
[l Overestimation

Underestimation
[ Representive

FIGURE 2. Quality scores (QS) of segmentation methods. (A) Completeness of selection. (B) Man-
ual adaptations required for representative segmentation. (C) Delineation of tumor borders.

of lesions was significantly lower with 41max and MV2 than with
SUV4.0 and SUV2.5 segmentation methods (P < 0.05). Dmax (the
maximum distance between 2 lesions) was not significantly different
among the segmentation methods.

MTYV, the number of lesions, and Dmax showed high correla-
tions among most methods (Fig. 4; Supplemental Table 6). For
MTV and the number of lesions, the highest correlations were
observed between the 2 fixed methods (SUV4.0 and SUV2.5), and
between the relative and MV methods, with lower correlations
between the fixed and relative or MV methods. SUV,,, and
SUV ek had identical median values and were strongly correlated
(R = 1) across all methods. Dissemination features addressing dif-
ferences in volume or SUV ¢, among lesions showed lower corre-
lations between SUV4.0 and the other 5 segmentation methods
(Supplemental Table 6).

To assess the effect of incomplete selection of lesions, several
features derived with SUV4.0 were plotted against SUV2.5 (Sup-
plemental Fig. 2). Scans that missed major lesions with SUV4.0
did not show large deviations in the correlation between SUV4.0
and SUV2.5 when compared with scans that had complete selec-
tion or missed only minor lesions.

The other 5 methods showed comparable
median AUCs, with the highest median AUC
of all variables of 0.62 for SUV4.0.

DISCUSSION

MTYV has shown prognostic value in cHL, but the use of differ-
ent segmentation methods hampers direct comparisons between
studies (4—10). This is especially true if a cutoff for MTV is used
to divide patients in low- and high-risk groups, since absolute
MTV values significantly differ between methods. Harmonization
of MTV assessment enables the evaluation of MTV as a prognos-
tic marker in cHL in a multicohort setting. The same holds for
other quantitative PET features including dissemination features.

We evaluated the completeness of lesion selection, need for man-
ual adaptations, and delineation quality of 6 semiautomatic segmen-
tation methods to assess MTV and dissemination features in 105
cHL patients. Segmentation with SUV4.0 required the least manual
adaptations because this method, in contrast to other methods, rarely
floods into regions with high physiologic 'F-FDG uptake. SUV2.5
often required minor adaptations, but seldomly major adaptations.
Although segmentation using SUV4.0 frequently did not include all
lesions (missing those with a SUV < 4.0), these lesions were often
small and scans with major lesions missing did not cause significant
deviations in the correlation between SUV4.0 and SUV2.5, which
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FIGURE 3. Radiomics features derived with 6 different semiautomatic segmentation methods. (A) MTV in mL. (B) Number of lesions. (C) Dmax in cm.

*P < 0.05. **P < 0.001. ***P < 0.0001. ns = not significant.
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not part of the tumor (23). Methods that
tended to overestimate the MTV also showed
a lower number of lesions, because lesions
close to each other were frequently clustered
into 1 lesion, as illustrated in Figure 1. This
explains the discrepancy that SUV4.0 often
misses small or low-uptake lesions but still
shows the highest number of lesions (Fig. 3).
In a recent comparison of 6 segmentation
methods in diffuse large B-cell lymphoma
(DLBCL), a fixed threshold of SUV4.0 was
considered the best method to derive MTV
(24). Similar to our findings, MTV signifi-
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FIGURE 4. Spearman rank correlation coefficients for radiomics features among different seg-
mentation methods. (A) MTV. (B) Number of lesions. (C) Dmax. All correlations assessed had a P

value of <0.01.

was the most complete method. Additionally, the prognostic perfor-
mance between all methods was similar, and SUV4.0 and SUV2.5
showed the highest AUCs for most variables.

The results of our evaluation suggest that small lesions with low
SUV uptake, that are frequently not included with SUV4.0, probably
do not contain critical prognostic information, which could be partly
explained by the low contribution to total MTV of small lesions.
However, small lesions could still influence dissemination features,
of which the prognostic value needs to be established in a larger set
of patients with more progression events. Additionally, small low-
uptake lesions are potentially of higher importance in response
assessment, thus, SUV4.0 may be less suitable for quantitative
interim PET analyses in cHL (7).

All segmentation methods, except SUV4.0, frequently overesti-
mated the MTV assessed by visual interpretation. This overesti-
mation may be less relevant when using only patient-level
features, as correlations among methods are high; however, lesion-
based radiomics analysis involving texture features may be adversely
affected by oversegmentation, that is, by selection of voxels that are

cantly differed among the methods, but the
prognostic performance was comparable.
Interestingly, method performance in DLBCL
at interim PET has been shown to depend on
the lesional SUV,,,,, in which lesions with
SUVpax < 10 were delineated most successfully using MV3,
whereas SUV4.0 was most successful in lesions with SUV,,,, > 10
(25). Correlations for MTV were significantly higher in our cohort
than previously described for DLBCL, possible because our correla-
tions were assessed after manual adaptation (24,25). Addition-
ally, and contrary to our findings, the 41max, A50P, and MV3
methods yielded lower exact MTV values than SUV4.0 in baseline
DLBCL, showing that performance of different methods can be
disease-dependent. In our cohort, 41max resulted in the high-
est MTV, which can be explained by the lower SUV in our cHL
cohort (median SUV ., 11.3), compared with DLBCL patients
(median SUV . 22.6) (26). Because SUV .« is a patient-level
feature, and cHL shows heterogencous '*F-FDG uptake, other
lesions within a patient may have a much lower SUV,,,,, resulting
in overestimation of the MTV and flooding with relative methods
such as 41max.

Methods based on relative thresholds (e.g., 4lmax and A50P)
are less suitable for assessing MTV in diseases with heterogeneous
8F_FDG uptake, such as cHL, because a high lesional SUV .
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FIGURE 5. Prognostic performance of radiomics features per method assessed by area under the curve of receiver operating characteristics analysis.

(A) MTV. (B) Number of lesions. (C) Dmax.
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may exclude the lower avid voxels of the lesion, causing underseg-
mentation. A low lesional SUV ..., however, results in a low thresh-
old, leading to flooding into regions with physiologic '*F-FDG
uptake. The MV methods could not overcome this disadvantage of
the relative methods. MV2 frequently uses voxels that are being
selected with 41max and AS50P, and although MV3 needs a third
method this did not result in better segmentation than methods with
a fixed threshold.

Although the 41max method is recommended for MTV seg-
mentation and has been used in several lymphoma studies, this
method requires extensive manual adaptation, which is time-con-
suming and more susceptible to interobserver variation (13,15,19).
Additionally, the recommendation for 41max is based on solid
malignancies rather than disseminated diseases such as cHL, and
41max has not been compared directly to a fixed threshold of
SUV4.0 (27-29). Therefore, this recommendation should be recon-
sidered for cHL.

CONCLUSION

For PET/CT segmentation in cHL, we showed a high correla-
tion among MTV and most intensity and dissemination features
derived with different segmentation methods, except for dissemi-
nation features addressing differences in volume and SUV yay/peak-
The prognostic performance of all features is comparable
among the methods. The SUV4.0 method required the least
manual adaptation, which is critical for future research and
implementation in clinical practice. Although segmentation
with SUV4.0 often missed small lesions with low!*F-FDG
avidity, which may in particular affect dissemination features
such as the Dmax, this seemed not to influence the prognostic
performance of most features, including Dmax. However, to be
conclusive about recommending SUV4.0 for cHL segmentation,
the prognostic importance of small lesions with low uptake should
be evaluated in a larger cohort of cHL patients with more progres-
sion events.
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PET SEGMENTATION IN HODGKIN LYMPHOMA ¢

KEY POINTS

QUESTION: Which segmentation method provides the best delin-
eation and completeness of lesion selection with the least manual
adaptation in scans of cHL patients, and what is the influence of
the segmentation method on the prognostic value of MTV, inten-
sity, and dissemination radiomics features?

PERTINENT FINDINGS: Segmentation with a fixed threshold of
SUV4.0 required the least manual adaptation, with SUV2.5 resulting
in the most complete selection of all lesions. The prognostic perfor-
mance of features was comparable per segmentation method, and
there was a high correlation for MTV and intensity features, but not
for all dissemination features, assessed with the different methods.

IMPLICATIONS FOR PATIENT CARE: Semiautomated
estimation of MTV, intensity, and dissemination radiomics features
in cHL patients is feasible using a method with a fixed threshold.
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INVITED PERSPECTIVE

5F_FDG Uptake in Brown Adipose Tissue After Exposure
to the Cold: From Possible Pitfall in Early PET Scans to

Metabolic Biomarker
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There are 3 types of fat in the human body: white, brown, and
beige (/). White adipocytes deposit extra energy into triglycerides,
whereas beige and brown adipocytes have the unique ability to convert
mitochondrial energy into heat (rather than adenosine triphosphate)
via uncoupling protein 1. Obesity, especially excess fat in tissue that is
normally lean, increases the risk of cardiovascular disease (2). In addi-
tion to the amount of fat, the distribution of fat, especially increased
abdominal fat, evaluated by the ratio of waist to hip circumfer-
ences, predicts glucose intolerance, insulin resistance, hyperten-
sion, and hypertriglyceridemia (3,4). PET/CT with '8F-FDG
provides a unique opportunity to view the metabolic activity of
brown adipose tissue (BAT). However, even though visceral and
subcutaneous fat are substantially less metabolically active than
BAT, both are metabolically active tissues (5). Visceral adipose
tissue is more metabolically active than subcutaneous fat.

BAT is a thermoregulatory organ that consumes stored energy to
produce heat through the expression of uncoupling protein 1. This
phenomenon is called nonshivering thermogenesis and plays an
important role in glucose and lipid metabolism (6). It is particularly
intense in newborns, in whom it helps to maintain a normal body
temperature; although declining with age, islets of brown adipocytes
remain in the white adipose tissue of adult humans (7). Such islets
are activated by exposure to cold, with a higher prevalence in chil-
dren, women, and lean subjects (8). Experimental evidence suggests
that BAT may also play an important role in the development and
progression of cancer—through secretion of adipokines, inflamma-
tory cytokines, growth factors, and free fatty acids (9). In this regard,
the biologic mechanism of BAT hypermetabolism as quantified by
8E_FDG PET/CT is similar to hypermetabolism of cancer cells.

In this issue of The Journal of Nuclear Medicine, Crandall et al.
report the metabolic changes associated with the cold-activation of
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BAT in a group of young adult volunteers. The investigators in-
jected '8F-FDG for PET/CT imaging immediately after 2h of
exposure to cold. In addition to the imaging study, the investigators
compared baseline blood metabolites in participants with varying
amounts of active BAT (/0). From the perspective of a clinician
with expertise in glucose and lipid metabolism, there are at least 4
puzzling points in the results: the surprising variability in BAT vol-
ume (0-430cm®) and '8F-FDG uptake in BAT (SUV yax normal-
ized to lean body weight, 0-38) in a rather homogeneous cohort of
young, healthy individuals; the impressive correlation of fasting
insulin with both BAT volume (» = 0.90) and BAT '®F-FDG
uptake (» = 0.74); the substantial differences in lifestyle between
the low-BAT and high-BAT groups, who were neither on a calo-
rie-restricted diet nor engaging in regular physical exercise and had
only a marginally higher body mass index (1.4 kg/m?); and the
decline in glucose and insulin levels induced by acute exposure to
cold observed only in the high-BAT subjects.

Such extreme physiologic heterogeneity in BAT volume and acti-
vated metabolism raises questions. Is there any relationship between
volume and function (i.e., activated glucose uptake)? Does BAT vol-
ume or activation correlate with the individual tolerance to cold
(shivering threshold)? Elucidation of these issues would help us learn
whether BAT can be “trained,” or expanded by exposure to cold.

The amazing association between insulin and BAT volume sug-
gests that BAT is expanded in subjects with relative insulin resis-
tance, which is confirmed by the concomitantly higher glucose
values. If this is this case, then these individuals are probably at a
higher risk of developing diabetes.

On the other hand, the extreme difference in lifestyle, despite a
minor difference in body mass index, suggests that these subjects
with expanded BAT are less prone to becoming obese. The decline
in glucose observed after exposure to cold only in the high-BAT
subjects suggests that these individuals are more resistant to the
stress induced by cold. Indeed, BAT-negative lean subjects display
reduced epinephrine levels after exposure to cold when compared
with BAT-positive subjects, despite a similar increase in energy
expenditure (/7). This finding could be interpreted as a higher sen-
sitivity of thermogenesis to catecholamines and could be another
mechanism that protects the high-BAT subjects from developing
obesity. The possibility that BAT expansion would protect from
development of diabetes might be related to this protection.
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Somewhat less impressive, from a clinical perspective, are the
differences in basal glucose, insulin, and triglycerides between low
and high BAT, as might be driven by the difference in body mass
index. Also, the different changes in lipid profiles induced by such
a short-term exposure to cold are difficult to interpret, considering
the extremely slow kinetics of these substrates.

Overall, Crandall et al. are to be congratulated on their novel
use of PET/CT to investigate thermogenesis in a study that casts
novel perspectives on the application of a mature imaging method
such as PET with 'F-FDG. In this regard, accurate imaging quantifi-
cation made possible by recent scientific and technologic advances
can address the combined challenges of deriving robust imaging
biomarkers for artificial intelligence applications and of capitalizing
the full potential of PET systems with a long axial field of view.
An exciting application for such new systems is the possibility of
determining the kinetics of tracer biodistribution through different
compartments of the body—given the possibility of recording qua-
sidynamic acquisitions of virtually the whole body (/2). These
developments cast our interest back to the origin by reminding us
that the essence of 'F-FDG PET/CT is not just reporting the pres-
ence of uptake in a target lesion: every single PET/CT scan has
much more than this to offer, and “signals” are there just to be
detected and correctly interpreted. '®F-FDG uptake in BAT is the
perfect example of this scenario (/3).
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Brown Adipose Tissue: A Protective Mechanism Against

“Preprediabetes”?
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Brown adipose tissue (BAT) is present in a significant number of adult
humans and has been postulated to exert beneficial metabolic effects.
Lean, nondiabetic patients undergoing clinical PET/CT imaging are
more likely to exhibit incidental BAT activation. The aim of this study
was to assess metabolic changes associated with the cold activation
of BAT and to compare baseline blood metabolites in participants with
varying amounts of active BAT. Methods: Serum blood samples were
collected from healthy adult volunteers (body mass index, 18.0-25.0,
and age = 35 y) before and after 2 h of exposure to cold. '®F-FDG
PET/CT imaging was performed immediately after cold exposure. Acti-
vated BAT was segmented, and fasting glucose, insulin, lipid, and other
blood metabolite levels were correlated with volume and intensity of
active BAT. Using a median cutoff, subjects were classified as high-
BAT (BATygr) or low-BAT (BAT,,). Results: A higher volume of acti-
vated BAT was associated with significantly higher precooling glucose
and insulin levels (P < 0.001 for each). Precooling thyroid-stimulating
hormone and triglyceride levels were significantly higher in the BATyign
than the BAT o group (P = 0.002 and P < 0.001, respectively). Triglyc-
eride levels tended to increase over the cooling period in both BAT
groups but increased significantly more in the BAT,g, group (15.7 =
13.2 mg/dL; P < 0.001) than in the BAT,,, group (4.5 *= 12.2 mg/dL;
P = 0.061). Conclusion: These findings may indicate that BAT is
recruited to counteract incipient “preprediabetic” states, potentially
serving as a first-line protective mechanism against very early meta-
bolic or hormonal variations.

Key Words: endocrine; molecular imaging; PET/CT; brown fat; FDG;
metabolism
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Brown adipose tissue (BAT) uses a variety of metabolic sub-
strates to produce heat in mammals and so constitutes a potential
target for the treatment of obesity and other metabolic disorders
(I). White adipose tissue (WAT) stores energy as triacylglycerols,
which can be released as nonesterified fatty acids (NEFAs) for
energy consumption by metabolically active organs. BAT uses fatty
acids released from intracellular triglyceride stores for [3-oxidation
to generate heat by a process known as adaptive thermogenesis (2).
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AcTtivE BAT-ASSOCIATED METABOLIC CHANGES — *

The presence of BAT in adult humans was initially recognized
mainly on '8F-FDG PET/CT examinations performed for onco-
logic indications (3,4). '®F-FDG PET has since become the most
commonly used technique for the in vivo detection of cold-acti-
vated BAT in humans (5,6). Studies using PET with '8F-FDG or
fatty-acid tracers have demonstrated that BAT consumes glucose
and fatty acids (7-9).

Two primary pathways are known to regulate BAT glucose
metabolism: adrenergic and insulin signaling (/). On sympathetic
nervous system activation, norepinephrine is released, which binds to
adrenergic receptors (8-, B,-, and (35- adrenoceptors) expressed on
BAT cell surfaces, causing an increase in cytosolic cyclic adenosine
monophosphate levels (/0). The result is an increase in glucose
transporter 1 transcription and, via activation of the mammalian tar-
get of rapamycin complex 2, the translocation of this newly synthe-
sized glucose transporter 1 to the cell membrane (/7). Alternatively,
insulin binds to BAT insulin receptors, and phosphoinositide 3-kin-
ases phosphorylate protein kinase B, inducing the translocation of
glucose transporter 4 to the cell membrane. Glucose, having been
taken up by BAT cells using either pathway, is used for glycolysis,
maintaining fatty acid oxidation, or activation of uncoupling protein
1 via de novo lipogenesis and fatty-acid synthesis (2).

The regulation of glucose by activated BAT may have important
therapeutic implications, as exposure to cold has been shown to
reverse glucose intolerance and insulin resistance in animal models
(12-14). Cold acclimation may also result in increased fractional
uptake in BAT (/5). Observational human studies have indicated
that the presence of active BAT is associated with lower glucose
levels and a decreased risk of diabetes (/6—18). However, the role
of BAT in whole-body glucose consumption remains unclear since
several prospective studies have indicated a minimal contribution
by BAT to systemic glucose utilization (8,19). Still, others have
shown a protective effect of BAT against diabetes (20).

Current evidence indicates that lipid metabolism in humans is
modulated, at least to some degree, by BAT. BAT activation has
been correlated with cold-induced increases in WAT lipolysis and
NEFA oxidation, indicating that NEFAs are mobilized from WAT
to fuel activated BAT. It has been hypothesized that increased
BAT activity or volume increases uptake of NEFAs in BAT,
improving overall lipid metabolism (/2,21). A recent retrospective
study found that nonstimulated BAT was associated with lower
concentrations of circulating triglycerides (22). Rodent studies have
demonstrated the clearance of triglyceride-rich lipoproteins and
cholesterol from circulation by BAT (/2,23) and have even seemed
to demonstrate that active BAT modulates fuel selection in non-
BAT organs (24). Even during fasting and postprandial conditions,
BAT has been shown to take up significant amounts of circulating
free fatty acids in mice (25). However, the practical implications of
active BAT on lipid metabolism in humans remain unclear (26,27).
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The primary aim of this study was to assess whether there are
differences in baseline glucose, insulin, lipid, and other metabolite
levels between subjects with varying amounts of cold-activated
BAT. A secondary aim was to evaluate changes in these blood
markers between precooling and postcooling serum blood sam-
ples. An additional aim was to assess how different lifestyle
parameters are associated with BAT volume. These data were col-
lected as part of a prospective study assessing the repeatability of
BAT activity levels on '®F-FDG PET/CT (28).

MATERIALS AND METHODS

This prospective study was approved by the Washington University
Institutional Review Board. All subjects provided written informed
consent before participation. Between March 2016 and January
2020, 34 healthy volunteers were enrolled and underwent '3F-FDG
PET/CT imaging after a cooling procedure intended to activate BAT
(subject characteristics provided in Table 1). The median 'F-FDG
uptake time was 61.0 min, with a range of 59.0-76.6 min. Median blood
glucose, measured immediately before 'F-FDG administration, was
78 mg/dL, and the range was 58-103 mg/dL. Since younger age and
lower body mass index have been shown to correlate with higher amounts
of metabolically active BAT (7,29,30), healthy adult volunteers aged
18-35 with a body mass index between 18 and 25 were eligible for this
study. Furthermore, as drugs targeting the sympathetic nervous system
(e.g., nicotine, 3-blockers, and amphetamines) can interfere with BAT
activation (37), individuals with a history of consuming these agents were
excluded. A complete list of inclusion and exclusion criteria can be found
in Supplemental Table 1 (supplemental materials are available at http:/
jnm.snmjournals.org). Subjects were recruited using flyers posted at vari-
ous locations on the Washington University in St. Louis medical campus.

Subject Preparation

A schematic representation of the imaging visit is shown in Figure 1.
All subjects were instructed to fast for at least 6 h before imaging and to
avoid high-carbohydrate and high-fat foods. Subjects were also asked to

TABLE 1
Subject Characteristics

Characteristic Total BAThigh BAT 0w
Sex

Male 7 4 3

Female 34 17 17
Age (y) 23835 232+27 247 +43
Height (m) 1.66 = 0.09 1.67 = 0.09 1.65 + 0.09
Weight (kg) 623 +88 646=*+91 596=*79
Body mass 223+18 230=*x17 216=*1.5

index (kg/m?)
Race

White 20 12

Black 2

Asian 12
Ethnicity

Hispanic

Non-Hispanic 32 16 16

Qualitative data are number; continuous data are mean + SD
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avoid cold exposure and to refrain from exercise during the 24 h before
the imaging sessions. To prevent premature BAT activation, subjects
were kept warm for 60 min, using warmed blankets, before the start of
the cold-exposure procedure. During this period, the precooling blood
sample was drawn for metabolite analysis. After the preparatory
phase, participants were outfitted in a cooling suit (CureWrap; MRTE
Advanced Technologies) that circulates chilled water at a set temperature.

Lifestyle Interview

During the preparatory phase, subjects were asked a series of ques-
tions to assess the impact of lifestyle on BAT activity. Volunteers were
asked to describe any specific diet they followed within the year before
the study, to report any dietary supplements they consume regularly,
and to estimate their weekly caffeine and alcohol intake. Subjects were
asked to describe their normal exercise habits, if any, during the previ-
ous year. Exercise descriptions were recorded and coded as mostly aer-
obic, mostly anaerobic, or combination aerobic/anaerobic.

Cooling Protocol

An individualized cooling protocol was used with a goal of cooling
the subject to just above the shivering point (5). Initially, the water
temperature of the cooling suit was set at 10°C for all subjects. Sub-
jects were monitored for shivering, both visibly and via electromyo-
gram (electrodes placed over the vastus lateralis, pectoralis major, and
latissimus dorsi muscles). If shivering was observed or reported, the
water temperature was increased at 0.5°C increments every 60 s until
shivering stopped. Oral temperature and blood pressure were mea-
sured every 5 min during the cooling procedure. A 185-MBq dose of
BE_FDG was administered intravenously after 60 min of cooling.
Cooling continued during the 60-min '®F-FDG uptake phase. Immedi-
ately before '8F-FDG PET/CT imaging, subjects were removed from
the cooling suit.

Imaging Protocol

Imaging and reconstruction parameters are detailed in Supplemental
Table 2. All subjects were imaged on a Biograph 40 PET/CT TruePoint/
TrueView scanner (Siemens AG). In humans, most active BAT depots
are located in the supraclavicular and paravertebral regions, with addi-
tional foci commonly seen in the axillary, intercostal, mediastinal, and
perirenal areas. Therefore, PET imaging (three 8-min list-mode acquisi-
tions) was performed from the skull base to the umbilicus. A low-dose
CT scan (using CARE Dose [Siemens] tube current modulation) was
obtained immediately before the PET scan. The imaging protocol fol-
lowed the standards set forth by the Uniform Protocols for Imaging in
Clinical Trials for '*F-FDG PET/CT and the Radiologic Society of North
America—Quantitative Imaging Biomarker Alliance’s profile for quantita-
tive '8F-FDG PET/CT (32,33).

Image Analysis

Images were analyzed using MIM, version 6.9.3 (MIM Software).
Activated BAT was segmented (Fig. 2) and quantified according to the
recommendations of version 1.0 of the Brown Adipose Reporting Criteria
in Imaging Studies (5). Areas known to contain BAT were qualitatively
assessed, and likely BAT depots were identified. Volumes of interest were
drawn on coronal '8F-FDG PET/CT images slice-by-slice, taking care not
to include any adjacent normal '®F-FDG-avid tissues. Thresholds were
then applied to this manual volume of interest to first remove voxels with
lean body mass—adjusted SUVs (SULs) below 1.2 and then to remove
voxels with Hounsfield units outside the —190 to —10 range. Thus, the
final activated BAT volumes consisted of voxels with SULs above nor-
mal background levels and within the fat density range.

The total activated BAT metabolic volume (BMV) was the sum of
all segmented BAT volumes. For participants included in the test—
retest study, BMV and the maximum SUL (SUL,,,,) for each imaging
session were analyzed separately. The SUL,,x was defined as the
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Biologic Assays

Methods used for blood sample analyses are
provided in Supplemental Table 3. All tests
were performed using either Cobas 6000 or
Cobas 8000 (Roche Diagnostics). Blood sam-
ples were analyzed in the Barnes Jewish
Clinical Chemistry Laboratory, which holds

College of American Pathologists and Clini-
cal Laboratory Improvement Amendments
certifications. Lipid data were available for
all subjects, whereas insulin, glucose, and
other metabolite data were available for only
a subset of participants.
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FIGURE 1. BAT activation and imaging process. After 1-h warming period, volunteers were

exposed to cold for ~2 h to activate BAT. After first hour of cooling, 185 MBq of '®F-FDG were
administered intravenously. Cooling continued for a second hour, and PET/CT imaging was per-

formed immediately afterward.

single voxel within all the segmented BAT depots with the greatest
8E-FDG uptake. The version of MIM used for our analyses uses the
James equation for lean body mass computation (34). For subjects
without visually detectable BAT, the SUL,,,x was instead based on the
background activity of the fat in the right supraclavicular fossa, using
a spheric region of interest (3.0-cm radius). This region was chosen
because the supraclavicular fossa most commonly contains the BAT
depot with the most '*F-FDG uptake.

FIGURE 2. BAT segmentation was performed per Brown Adipose
Reporting Criteria in Imaging Studies, version 1.0, guidelines. (A) Areas
known to contain BAT depots were manually delineated. (B and C) On
PET images, voxels with SULax less than 1.2 were removed (B) and on
CT images, voxels with Hounsfield units outside range of —190 to —10
were removed (C). (D) Boolean intersection of PET and CT images was
used to obtain final volumes of interest.
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Statistics

Numeric results are reported as mean and
SD or as median and interquartile range. Sub-
ject characteristics were summarized descrip-
tively via means, medians, SD, and ranges.
A subset of participants was included in a test-retest repeatability
study (n = 29) and underwent the cooling and imaging protocol twice
on separate days. Blood samples collected during these visits were pooled
with the remaining data and considered independent samples. Baseline
and postcooling metabolite measurements were compared using paired #
tests. Serum metabolite differences between high-BAT (BATjg,) and
low-BAT (BAT;,y) groups were assessed using unpaired ¢ tests or Man-
n-Whitney U tests, depending on group normality. Group normality was
assessed using D’ Agostino—Pearson tests. The Fisher exact test was used
to assess differences in demographics and lifestyle assessments between
subjects without versus with detectable BAT. Data were analyzed using
R, version 4.0.3 (http://cran.r-project.org/), and Excel, version 2016
(Microsoft Corp.). A P value of less than 0.05 was considered significant,
unless otherwise indicated. A Bonferroni adjustment for multiple compar-
isons was applied when necessary to control for type I errors.

RESULTS

Subject Characteristics

During cold exposure, oral temperatures varied by a mean of
*0.4°C. Systolic pressure increased during cooling by a minimum
of 8 mm Hg and a maximum of 42 mm Hg. Diastolic pressure
increased during cooling by a minimum of 11 mm Hg and a maxi-
mum of 39 mm Hg. Heart rate increased by 11-30 beats per
minute throughout cooling.

Activated BAT was detected in 28 of 34 (82.4%) subjects. Using
a median volume cutoff, PET/CT studies showing an activated BMV
greater than or less than 120 cm® were classified as BATpg, or BAT-
lows Tespectively. The mean BMV of the BAT,,, group (n = 17) was
36.9 + 29.1 cm?, and the mean BMV of the BAThg group (n =
17) was 224.3 + 78.4 cm®. There were no substantial differences in
age, height, or weight between groups. A significant difference in
body mass index was found, with BATy,, subjects having a higher
body mass index than BAT),, subjects (P = 0.026).

Insulin and Glucose

Mean baseline insulin and glucose levels were significantly lower
in the BAT,y, than the BATyy, group (Table 2). Between baseline
and postcooling samples, mean insulin levels increased by 1.6 =+
1.2 wIU/mL in the BAT,,, group and decreased by 2.7 = 1.4 nIU/mL
in the BAThign, group. Baseline glucose and insulin showed significant
positive correlations with both BMV and SUL,,.« (Figs. 3 and 4).
The change in glucose and insulin levels from baseline to postcool-
ing samples showed significant negative correlations with both
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TABLE 2
Glucose and Insulin t Test and Regression Analysis Results

Metabolite Time point w (BATow) o W (BAThign) o r (BMV) r (SULmax) P

Insulin (pnlU/mL) Baseline 3.3 0.8 8.7 3.0 0.90 0.74 <0.001
Postcooling 4.9 1.9 6.1 2.6 0.71 0.43 0.327
Change 1.6 1.2 2.7 1.4 -0.79 —0.64 <0.001

Glucose (mg/dL) Baseline 70.8 10.2 88.3 11.4 0.59 0.54 <0.001
Postcooling 84.3 12.3 85.2 7.3 0.12 0.06 0.815
Change 3.0 5.6 -3.1 5.5 -0.58 -0.54 0.013

P values were generated using unpaired t tests comparing BAT,,4» and BAT,,, groups. Using Bonferroni adjustment, P < 0.025 was

considered significant.

BMV and SUL,,,«. Baseline insulin and glucose also significantly
correlated with one another (» = 0.67; P < 0.001), as were the
changes in insulin and glucose (» = 0.51; P = 0.019).

Lipids

Groupwise serum lipid results are shown in Table 3. Baseline total
cholesterol, triglycerides, and high-density lipoprotein were signifi-
cantly higher (P = 0.002, P < 0.001, and P = 0.004, respectively)
in BAT)q,, versus BATy, subjects. The BAT,, group also showed
higher baseline low-density lipoprotein and non-high-density lipo-
protein levels than the BAT,, group, though not statistically differ-
ent. Between baseline and postcooling blood samples, serum total
cholesterol, high-density lipoprotein, non-high-density lipoprotein,
and low-density lipoprotein increased significantly for both groups
(all P values below 0.01). Serum triglycerides increased signifi-
cantly between baseline and postcooling samples for BATpg,

>
W

110 15
r=-058
=) g P=0.002
= =
= g
o @
8 2
32 £
om Q
O @
£ g -
2 Bt | . r=059 | g
o 6o, - P<0001 O-
g0 -15
a a0 180 270 3B0 450 0 a0 180 270 380 450
BMV (mL) BMV (mL)
15 4 =
r=-0.79

P <0.001

r=0.90
P <0.001

Baseling insulin (meu/mL)
Insulin change (mo/dL)

| & |
o a0 180 270 360 450 1] a0 180 270 380 450
BMV {mL}) BMV (mL)

subjects (15.7 £ 13.2 mg/dL; P < 0.001) but did not increase sig-
nificantly in the BAT),, group (4.5 = 12.2 mg/dL; P = 0.061).

Baseline triglycerides, cholesterol, and high-density lipoprotein
also significantly correlated with BMV and SUL,,,.x (Supplemental
Figs. 1 and 2). The change in triglycerides from baseline to post-
cooling samples also significantly correlated with BMV and
SULmaX~

Other Metabolites

Several additional metabolites showed groupwise differences
and varied significantly between baseline and postcooling blood
samples (Table 4). Mean baseline thyroid-stimulating hormone
(TSH) was significantly lower in the BAT),, than the BATy;z,
group (P = 0.002). Mean baseline sodium, anion gap, urea nitro-
gen, albumin, and alkaline phosphatase were significantly higher
in the BAT)q,, than the BATy;g, group.
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FIGURE 3. Regression analysis shows correlation between BMV and
baseline serum glucose (A), change in glucose from baseline to postcool-
ing (B), baseline serum insulin (C), and change in insulin (D). Baseline val-
ues were subtracted from postcooling values.
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FIGURE 4. Regression analysis shows correlation between BAT SULax
and baseline serum glucose (A), change in glucose from baseline to post-
cooling (B), baseline serum insulin (C), and change in insulin (D). Baseline
values were subtracted from postcooling values.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 63 + No.9 - September 2022



TABLE 3
Serum Lipid t Test and Regression Analysis Results

BAT 0w BAThign r
Lipid Time point W o w o BMV SULmax P
Cholesterol (mg/dL) Baseline 164.0 34.0 141.9 19.8 —0.43 —0.42 0.002
Postcooling 174.0 324 156.0 21.2 -0.34 -0.34 0.010
Change 9.0 11.0 14.9 7.9 0.33 0.26 0.023
Triglycerides (mg/dL) Baseline 63.6 241 89.6 26.7 0.56 0.45 <0.001
Postcooling 66.5 24.5 105.7 31.2 0.60 0.48 <0.001
Change 4.5 12.2 15.7 13.2 0.45 0.34 <0.001
High-density lipoprotein (mg/dL) Baseline 66.5 14.4 56.0 16.4 —-0.41 -0.35 0.004
Postcooling 70.6 13.6 62.4 20.9 -0.28 -0.22 0.181
Change 3.4 4.9 6.4 12.0 0.21 0.23 0.231
Low-density lipoprotein (mg/dL) Baseline 83.7 28.9 73.8 21.3 -0.16 -0.23 0.058
Postcooling 86.4 26.8 80.7 22.3 -0.11 -0.15 0.173
Change -0.9 29.2 7.5 9.1 0.15 0.16 0.153
Non-high-density lipoprotein (mg/dL) Baseline 97.2 29.5 89.2 19.5 -0.14 -0.19 0.093
Postcooling 103.6 29.8 97.8 20.3 -0.13 -0.17 0.182
Change 6.1 7.7 9.2 8.3 0.02 0.06 0.185

P values were generated using unpaired t tests comparing BATy,4» and BAT,,, groups. Using Bonferroni adjustment, P < 0.010 was

considered significant.

Lifestyle

Participants reported engaging in either no strict dietary regimen
or adhering to a vegetarian, vegan, gluten-free, low-carbohydrate, or
pescatarian diet. BAT,,, subjects were significantly more likely to
report observing a controlled diet than BA Ty, subjects (P = 0.007).
Only 1 of 17 BATyg participants reported following a specific diet
(pescatarian), whereas 8 of 17 BAT),,, subjects reported adhering to
a strict diet. The use of dietary supplements also varied between
groups, with BATy;s, subjects reporting either no use of dietary sup-
plements or use of protein, melatonin, biotin, omega-6 fatty acids, or
magnesium (8/17 subjects), whereas BAT,,, subjects reported either
no diet supplementation or using only a daily multivitamin (7/17 sub-
jects). There were no significant differences between groups with
respect to self-reported weekly intake of caffeine or alcohol.

Exercise habits also differed between groups. Those who reported
not regularly exercising were significantly more likely to have higher
BAT volumes (7/17 BATygp vs. 0/16 BATy; P = 0.018). Among
those who exercised regularly, the self-reported mean number of
hours spent exercising per week was 3.4 in the BAT,,, group and
1.9 in the BATyg, group (P = 0.011). Within the BAT),,, group, 1
participant reported engaging in mostly anaerobic exercise, 10 in
mostly aerobic exercise, and 6 in exercise that incorporated aerobic
and anaerobic elements. Three BAT},, subjects reported engaging
in mostly anaerobic exercise, 2 in mostly aerobic exercise, and 5 in
exercise that was both aerobic and anaerobic.

DISCUSSION

BAT has emerged as a potential therapeutic target for obesity
and related metabolic diseases. Using a previously described
method, BAT was activated in this study using cold exposure and
then imaged using '8F-FDG PET/CT. Higher baseline insulin and
glucose levels correlated with higher BMV (Supplemental Fig. 3).

AcTtIvE BAT-ASSOCIATED METABOLIC CHANGES — *

Greater declines in insulin and glucose levels after BAT activation
also correlated with higher BMV.

Glucose and Insulin Activity

Activated BAT has been shown to act as a glucose sink in both
warm and cold conditions (35,36), which is consistent with the sig-
nificant positive correlation seen here between BMV and decreases
in glucose and insulin levels during cooling. BAT thermogenesis
likely resulted in significant uptake of glucose in BAT, especially in
subjects with higher amounts of BAT, consistent with previous stud-
ies. However, our results are inconsistent with studies showing
increased BAT uptake of glucose during warm conditions, as base-
line glucose and insulin both positively correlated with BMV in our
subjects. Retrospective analyses have generally concluded that
patients with active BAT are more likely to have lower fasting glu-
cose levels and less likely to be diabetic (7,16,17,37,38). Though, as
these observational studies consisted mostly of patients undergoing
clinical '®F-FDG PET/CT, the populations evaluated were mostly
much older than the volunteers enrolled in the current study.

Lipid Metabolism

The role of BAT in systemic lipid metabolism is supported by
previous studies showing that the amount of detectable BAT corre-
lates with cold-induced increases in WAT lipolysis and NEFA oxi-
dation, suggesting that BAT activation plays a role in mobilization
of NEFAs from WAT and their oxidative disposal in BAT (19,21).
Din et al. found that in BAT regions, subjects with higher volumes
of activated BAT took up more NEFAs from circulation than sub-
jects with lower volumes of BAT (39). It has also been shown that
administration of nicotinic acid, an inhibitor of triglyceride lipoly-
sis, suppresses the cold-induced BAT metabolic rate, implying that
lipolysis is central to BAT thermogenesis (40). Although it seems
clear that BAT relies on lipids to fuel thermogenesis during cold
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TABLE 4
Additional Baseline Serum Metabolite t Test and Regression Analysis Results

BAT 0w BAThign r

Metabolite n o n o BMV SULmax P

TSH (wlU/mL) 1.6 0.7 2.8 2.1 0.52 0.64 0.002
Sodium (mmol/L) 141.0 1.8 139.0 1.3 —0.40 -0.39 <0.001
Potassium (mmol/L) 3.8 0.3 4.0 0.3 0.31 0.26 0.002
Chloride (mmol/L) 102.5 2.1 103.3 3.0 0.14 0.31 0.329
CO, (mmol/L) 26.0 1.7 25.9 2.1 0.07 -0.14 0.964
Anion gap (mmol/L) 124 2.4 9.7 1.8 —0.51 —0.53 <0.001
Blood urea nitrogen (mg/dL) 13.2 2.8 10.7 2.2 —0.43 —0.50 <0.001
Creatinine (mg/dL) 0.8 0.1 0.8 0.1 0.14 —0.08 0.654
Calcium (mg/dL) 9.4 0.5 9.3 1.0 —0.05 -0.13 0.454
Bilirubin (mg/dL) 0.6 0.3 0.4 0.3 —0.30 -0.37 0.447
Protein (g/dL) 7.5 0.5 71 0.4 -0.41 —0.46 0.002
Albumin (g/dL) 4.6 0.3 43 0.3 —0.49 -0.54 <0.001
Alkaline phosphatase (U/L) 57.3 17.3 45.2 13.7 —0.35 —0.44 <0.001
Alanine aminotransferase (U/L) 18.3 4.4 34.0 26.4 0.53 0.24 0.006
Aspartate transaminase (U/L) 21.9 4.2 29.7 12.8 0.58 0.32 0.006

P values were generated using unpaired t tests comparing BATy,4» and BAT,,, groups. Using Bonferroni adjustment, P < 0.003 was

considered significant.

exposure, most studies have not found a corresponding increase in
serum or plasma lipid levels (8,14,19). One possible explanation
for the significant increases we found in circulating lipid levels is
that activated BMVs elicited in this study were considerably higher
than in most other published work. A higher degree of activation
would likely deplete intracellular fuel and require additional sub-
strates from other sources. This type of control mechanism over tri-
glyceride metabolism via clearance by BAT has been demonstrated
in cold-exposed mice (/2).

Early Metabolic Dysfunction

Orava et al. found BAT to be highly sensitive to stimulation by
insulin (35). In young, healthy adults, it may be the case that
higher insulin levels result in routine activation of BAT, which has
been shown to increase overall BMV (15,41). Free fatty acids,
derived from triglyceride lipolysis, are thought to be activators of
uncoupling protein 1. We found higher thermoneutral circulating
triglyceride levels in subjects with greater volumes of BAT. This
may be another mechanism of routine BAT activation. Addition-
ally, baseline plasma TSH was found to be significantly elevated
in subjects with higher amounts of cold-activated BAT. TSH
receptors are present in adipose tissue and have been linked to an
increase in uncoupling protein 1 expression in preadipocytes (42).
This may indicate that increased TSH levels stimulate BAT pro-
duction. These findings, along with the strong positive correlations
between BMV and thermoneutral insulin, glucose, and triglyceride
levels, may suggest BAT plays a role in protecting against early
stages of insulin resistance (preprediabetes) and hyperlipidemias.

Metabolic Profile
Previous studies have tended to show that activated BAT is
associated with a healthier metabolic profile (i.e., lower fasting
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glucose, greater insulin sensitivity, and less likelihood of diabetes,
obesity, and cardiometabolic diseases) (16—18,22,37). The results
of our study show that within a group of young, lean, healthy
adults, those with a higher BMV had a potentially poorer overall
metabolic profile. Higher baseline insulin, glucose, TSH, and
serum triglycerides were associated with a higher BMV. Those
with less activated BAT also exercised more (about twice as
much per week) and were more likely to report adhering to diets
that could be considered healthier. The effect of exercise on BAT
is unclear in humans, as relevant studies have produced conflict-
ing results. However, exercise is known to cause secretion of
endocrine factors that modulate BAT activity, including cardiac
natriuretic peptides (induction of uncoupling protein 1 expression
and mitochondrial biogenesis) (43), fibroblast growth factor 21
(increased BAT activity) (44), and interleukin 6 (improved BAT-
mediated metabolic homeostasis) (13).

Dietary differences are particularly interesting, as certain diet
regimens likely include foods known to contain BAT-promoting
compounds (45). At least part of a vegetarian or vegan diet may
contain foods rich in phytochemicals such as capsaicin (46) or
curcumin (47), which have been linked to increased BAT activa-
tion. There is also accumulating evidence that eicosapentaenoic
acid and docosahexaenoic acid, found abundantly in fish oils
(a likely component of a pescatarian diet), may stimulate BAT
thermogenesis (48) and WAT browning (49). It may be somewhat
surprising, then, that all but one subject who reported adhering
to a strict dietary regimen were part of the BAT),, group. It
may be the case that the high BMV exhibited by subjects in the
BATyign group who exercised less and consumed less healthy
diets played a protective role against the early symptoms of meta-
bolic disorders, which are driven at least in part by lifestyle
choices.
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Adipokines Released from BAT (BATokines)

Although BAT is hypothesized to shift caloric balance in a net-neg-
ative direction, its endocrine effects may be more potent. In animal
models, BAT transplants can improve glucose tolerance, increase
whole-body insulin sensitivity, and reverse type 1 diabetes (13,25,50).
These improvements are unlikely the result of caloric expenditure or
glucose consumption alone but appear to be caused by BAT endocrine
signaling (57). BATokines are substances preferentially released by
BAT versus WAT, which may have endocrine effects (52). BAT is
known to release significant amounts of fibroblast growth factor 21
(53,54), which has a role in improving glucose intolerance and
increasing fatty acid oxidation in the liver (55). An increase in insulin-
like growth factor 1 is thought to be mostly responsible for the rever-
sal of diabetes seen in mouse models (56). Neuregulin 4 is highly
expressed in BAT and its overexpression correlates with improved
glucose tolerance and decreased insulin insensitivity (57). BATokines
such as these, which are potentially released routinely in people such
as those in the BATy;e, group, may help to mitigate the impacts of
early metabolic or hormonal disturbances.

It is important to note that although significant differences in
metabolite levels were found between groups with higher and lower
activated BAT volumes, almost all metabolite levels detected during
this study were within reference ranges. In otherwise healthy individu-
als, such as those studied here, who present with borderline metabolic
results (e.g., upper end of the normal range of insulin or glucose) it
would be useful to correlate their levels of BAT activity with clinical
outcomes over time. It may also be beneficial to collect additional
samples at subsequent time points to assess the short-term impact of
cooling and BAT activation on lipid and other metabolite levels.

CONCLUSION

Our data, obtained under conditions that strongly activate BAT,
show significant systemic differences between individuals with
higher and lower volumes of active BAT. From these data, we
believe that BAT may be recruited to counteract incipient prepre-
diabetic states, potentially serving as a first-line protective mecha-
nism against very early metabolic and hormonal variations.
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KEY POINTS

QUESTION: Is active BAT associated with a particular metabolic
profile in healthy, young adults?

PERTINENT FINDINGS: In a young, otherwise healthy sample of
adults, a higher volume of active BAT was found to be associated
with significantly higher preactivation levels of serum glucose,
insulin, TSH, and triglycerides.

IMPLICATIONS FOR PATIENT CARE: Imaging BAT using
'8F_FDG PET/CT may help identify patients with very early
metabolic abnormalities.
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Radiopharmaceutical therapy is growing rapidly. However, yet to be
addressed is the implementation of methods to plan treatments for
circulating tumor cells, disseminated tumor cells, and micrometasta-
ses. Given the capacity of radiopharmaceuticals to specifically target
and Kill single cells and multicellular clusters, a quality not available in
chemotherapy and external-beam radiation therapy, it is important to
develop dosimetry and bioeffect modeling tools that can inform radio-
pharmaceutical design and predict their effect on microscopic dis-
ease. This pamphlet describes a new version of MIRDcell, a software
tool that was initially released by the MIRD committee several years
ago. Methods: Version 3 (V3) of MIRDcell uses a combination of ana-
lytic and Monte Carlo methods to conduct dosimetry and bioeffect
modeling for radiolabeled cells within planar colonies and multicellular
clusters. A worked example is provided to assist users to learn old
and new features of MIRDcell and test its capacity to recapitulate pub-
lished responses of tumor cell spheroids to radiopharmaceutical treat-
ments. Prominent capabilities of the new version include radially
dependent activity distributions, user-imported activity distributions,
cold regions within the cluster, complex bioeffect modeling that
accounts for radiation type and subcellular distribution, and a rich
table of output data for subsequent analysis. Results: MIRDcell V3
effectively reproduces experimental responses of multicellular sphe-
roids to uniform and nonuniform distributions of therapeutic radio-
pharmaceuticals. Conclusion: MIRDcell is a versatile software tool
that can be used for educational purposes and design of radiophar-
maceutical therapies.

Key Words: dosimetry; radionuclide; multicellular cluster; cell survival;
nonuniform activity distribution
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The widespread use of 2?*Ra-dichloride (Xofigo; Bayer) and
7"Lu-DOTATATE (Lutathera; Advanced Accelerator Applications)
has rejuvenated radiopharmaceutical therapy (RPT) of cancer. RPT
delivers radioactive drugs to the primary tumor, metastases, dissemi-
nated tumor cells, and circulating tumor cells. Different classes of
radionuclides are used for therapy, including a-, 8-, and Auger elec-
tron emitters (/). The different ranges of these radiations in tissue,
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and their differences in relative biological effectiveness, contribute
to the complexity of predicting therapeutic efficacy and normal-
tissue toxicity (/). However, like external-beam radiation therapy,
the future of RPT will depend in part on our capacity to plan treat-
ments that maximize therapeutic effect while minimizing adverse
effects on normal tissues. Key to the long-term success of RPT is to
implement strategies that overcome limitations of the intrinsic non-
uniform uptake of radiopharmaceuticals by cancer cells, which can
impact our capacity to sterilize tumors, metastases, disseminated
tumor cells, and circulating tumor cells.

Although treatment of primary tumors, distant metastases visi-
ble by external imaging, and microscopic metastases in locore-
gional lymph nodes can be addressed with external beams of
radiation, most micrometastases, disseminated tumor cells, and cir-
culating tumor cells cannot. There are commercial tools, based on
external imaging, to assist with calculating absorbed dose to mac-
roscopic disease in the context of both external-beam radiation
therapy and RPT. The resulting absorbed doses have been used to
predict response of tumor and normal tissues. However, there is a
dearth of readily available tools that can be used to optimize and
plan RPT of microscopic disease.

In 2014, the MIRD committee released version 2.0.15 of MIRD-
cell, a Java applet, to address the need for software tools for dosim-
etry and bioeffect modeling of microscopic disease treated with
RPT. The software interface and its capabilities were described in
MIRD pamphlet no. 25 (2). That version, and a later version,
2.0.16, ran on a web browser until 2017, when web browser sup-
port for Java applets was discontinued because of security con-
cerns. Version 2.1 (V2.1), a Java application, was released in 2017
to eliminate the web browser requirement and permit the program
to run as an application on the user computer.

This new version of our MIRDcell software application, version
3.10 (V3), was created in collaboration with the MIRD committee.
MIRDcell V3 can run on all operating systems supporting Java.
The software can model radiation absorbed dose and cell survival
responses in single cells, cell pairs, and 2-dimensional (2-D) and
3-dimensional (3-D) cell populations. 2-D cell populations are con-
strained to lie on a plane (e.g., monolayer cell cultures), whereas
3-D populations can be organized within a variety of geometries.
The organization of the tabs and the options within each tab, as
well as other important details regarding the version history, are
provided in detail in the downloadable user manual. The nomencla-
ture used is consistent with dosimetric terminology published in
MIRD pamphlet no. 21 (3). The app and user manual can be down-
loaded via https://mirdsoft.org or directly at https://mirdcell.njms.
rutgers.edu/. The primary purpose of this present MIRD pamphlet
is to describe some of the changes in interactive features, new
activity distributions, and new bioeffect models that have been
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added to the software. More importantly, this pamphlet provides
several examples of how to use these new features.

MATERIALS AND METHODS

Preamble

The distribution of radioactivity within small tissue elements can have
a profound effect on the absorbed dose distribution and, correspondingly,
the response of the tissue. Aside from other factors, the absorbed dose
distribution and biologic response are strongly dependent on the type,
yield, and energy of the radiations emitted by the radionuclide and its
subcellular distribution. Most notable are radionuclides that decay by
electron capture or internal conversion (e.g., W, 1231 1257) which are
followed by the emission of a shower of low-energy Auger electrons.
Auger electrons deposit their energy over subcellular dimensions; there-
fore, these radionuclides invariably produce nonuniform absorbed-dose
distributions at all spatial levels (4,5). Similarly, the short range of
a-particles in biologic tissues (40-100 wm) also leads to nonuniform
dose distributions from radionuclides such as ??Ra, **>Ac, and other
a-particle emitters of potential use for RPT (5—/0). Medium- and high-
energy B-particle emitters such as '""Lu and *°Y have a greater degree of
cross-irradiation because their mean range in tissue is at least several hun-
dred microns. However, the nonuniform distribution of these radionu-
clides invariably leads to nonuniform dose distributions as well (/7—15).

Although the distributions of absorbed dose that arise from nonuni-
form distributions of radioactivity are important, an additional factor
that determines biologic response is whether a given absorbed dose
arises from radioactive decays within a cell itself (self-dose) or from
decays in surrounding cells or other parts of the body (cross-dose).
The response of a cell to self-dose from a radiopharmaceutical can be
different from its response to cross-dose from the same radiopharma-
ceutical. This difference is most notable for Auger electron emitters,
for which the relative biological effectiveness for the self-dose can be
an order of magnitude greater than the relative biological effectiveness
for cross-dose (/6). This observation has also been seen for DNA-
incorporated B-particle emitters, for which the self-dose from '3'T was
3 times more lethal than the cross-dose (/7).

There is a growing body of experimental data on the biologic effects
of nonuniform distributions of radioactivity at the multicellular level
(17-23). These findings can have significant consequences for therapeu-
tic uses of these and other radionuclides. MIRDcell V3 provides new
tools that can be used to assist in understanding the dependence of radio-
pharmaceutical efficacy on numerous factors, such as radiation type and
energy; distribution at the subcellular, cellular, and multicellular levels;
and spatial arrangement of the cells within the multicellular structure
(2-D plane [e.g., colony], 3-D cluster, and packing density). These capa-
bilities and new bioeffect modeling features, which are expanded on
through examples below, can be helpful in designing RPT strategies.

“Source Radiation” Tab

The “Source Radiation” tab allows the user to select the radioactivity
in the source cells (i.e., cells labeled with radioactivity). Three choices
are available: predefined MIRD radionuclide, monoenergetic particle
emitter, and user-defined radionuclide. User-defined radionuclides include
decay chains for 21 At, 213Bj, 223Ra, and 22’ Ac. Details on the differences
between these options can be found in the user manual.

“Cell Source/Target” Tab

As described in detail by Goddu et al. (24,25), cells are modeled as
2 concentric spheres with radii corresponding to those for the nucleus
and cell, respectively. The cells are modeled as liquid water of unit
density. The eligible source regions are cell, cell nucleus, cytoplasm,
and cell surface. MIRDcell V3 newly permits the user to distribute the
activity among cell nucleus, cytoplasm, and cell surface. The eligible
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target regions for which the radiation absorbed dose is calculated and
used for bioeffect modeling are cell, cell nucleus, and cytoplasm.
The addition of cytoplasm as a target is new to MIRDcell V3. No limit
has been set on the maximum cell radius; however, extensive testing
has been conducted only up to 10 wm. Although the algorithms should
be adequate for calculating absorbed doses to larger spheres, caution
should be exercised when interpreting results for cell radii larger than
10 um. To facilitate this option, MIRDcell V3 now allows entering
the radii in the text box. Users should be mindful that photons are
ignored in this and earlier versions of MIRDcell; photon contributions
to the absorbed dose can become significant for large sphere sizes.

“Radiobiologic Parameters” Tab

MIRDcell enables the user to model the surviving fraction (SF) of
cells in a specified cell population based on the calculated absorbed
doses to the individual cells. Two options are available in V3 for cal-
culating the probability that a given cell survives: simple radiobiologic
parameters and complex radiobiologic parameters.

Simple Radiobiologic Parameters. As in MIRDcell V2.1 (2), a
modified linear-quadratic (LQ) model is used to calculate the probabil-
ity P(ry) that the &, cell survives a radiation absorbed dose to a region
within, 7y (26,27):

P(I’k) — e*fxselstelf*Bsen‘Di” Xe*dcmssDcmss ~Beross D2ross , Eq. 1
where oy and Bgeir characterize the response of the cell to self-
dose (Dgelr), Ceross and PBeross characterize the cellular response to
cross-dose (D.ross), and the effect of self- and cross-dose are inde-
pendent (5,17,28). The distinction between self- and cross-dose is
often required for Auger electron emitters (/8,29) and is some-
times required for B-particle emitters when they are DNA-incorpo-
rated (/7). The determination of whether a given cell survives
(alive) or not (dead) is determined by a Monte Carlo method by
which the surviving probability, calculated using Equation 1, is
compared with a randomly generated number.

Complex Radiobiologic Parameters (New). A new feature of V3
is the capacity to specify LQ parameters not only for self-dose and
cross-dose but also independently for each type of radiation (e.g., a,
B, and Auger) and for each target region (cell [C], cell nucleus [N],
and cytoplasm [Cy]). A modified LQ model is again implemented in
V3.10. For example, when the cell nucleus is the target region and the
source radiation type is designated by ICODE, the probability that the
K™ cell survives the insult is given by Equation 2:

Prcope (Ni)

el self
=e aicope (Ne—Ni) Dig

ICODE (N ‘*Nk)]z

X oo o (Ve Gy DI (N = o) = Bt o (Ve Gy (D30 o (N = Coe )
X efa?g(fmt (N~ CSi) Dy (Ni—CSe) = Bietope (N = CSe) [D}ps (Vi —cs)P

cross N 2
X e ~aicope (Ne=N)Dicons (Ve —Noumeent) ~ Bicone (Ve =N Dicons (Ve —Noumeer)]

(Nk=Ni) = ?El(')m- (Nk—N) [Dl’g](gl)k

X e~ %cope Ve —Cy)DicnE (Ve —Cynumeen) = oo (Ve —C) [DSS55 - (Vi Comumeen)|”
X e (Ni—CS)) Dty (N = CSumeen) = Bicoi (Ni = CS)) Dty (N = Cmmeen)*
s

ICODE
Eq. 2

where j denotes another cell, numcell implies that the cross-dose
can arise from all cells within the cluster, and

_ cross
YICODE

Di(e:l(f)DE(Nk — Ni) =fN;1(Ck) Slsél(f)DE(Nk — Np).

The ICODEs for the different radiation types are as defined in the
MIRD: Radionuclide Data and Decay Schemes monograph (30). Here,
fv is the fraction of cell activity in the nucleus, 4 (Cy) is the time-inte-
grated activity in the source region Nk, and S5 ,: (N < Ni) is the
self-S coefficient corresponding to the absorbed dose per decay from
Ny < N; and is given by Equation 4:

iradV

SlsggDE(Nk‘_Nk): Z

irad=1

Eq. 3

A1CODE irad P1coDE,irad (Vi < Ni)
m(N/() ’

Eq. 4
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where the sum runs through all iradVN radiations of type ICODE,
A1coDE.irad 18 the mean energy emitted per nuclear transition of the
irad™ radiation of type ICODE, and DicopE.irad (Nk < Ni) is the
fraction of energy emitted from the source region N, that is absorbed
in the target region Nj of the irad™ radiation of type ICODE. The
terms corresponding to the self-dose from other cell compartments
of the same cell (cytoplasm, cell surface) can be written similarly, as
can the terms corresponding to the cross-doses from other cells.
Finally, the overall probability of the &™ cell surviving, after the
effects of all radiation types on the K™ cell nucleus N, is written as
follows:

number of ICODEs
P(N;) = Picope (Nk). Eq. 5
ICODE=1

Here, MIRDcell adopts an independent interaction model in which
the effect of each radiation type is considered independently of the
other. As in prior versions of MIRDcell, the determination of whether
a given cell survives is determined by a Monte Carlo method in which
the probability of survival, calculated using Equation 5, is compared
with a random number (0 =x = 1). The user manual provides details.

A complete set of equations for all possible scenarios of source and
target regions is provided in the user manual. Default values are arbi-
trary, and the user is cautioned to enter values that are relevant to the
application. The user is provided with the option of importing a de-
sired set of LQ parameters and saving a set of custom parameters used
in the model.

“Multicellular Geometry” Tab

Cluster Geometry. As in MIRDcell V2.1, MIRDcell V3 has 3
basic geometric configurations of spherical cells: 1-dimensional (1-D),
2-D, and 3-D. These are summarized here, and details are provided in
the user manual.

The 1-D option is presented in the “1-D Cell Pair” tab and is used to
calculate the self- and cross-doses for a pair of cells. The user can set
the distance between the centers of 2 cells. The self-dose and cross-
dose S coefficients (formerly S values) are calculated using analytic
methods based on range—energy relationships for electrons (31,32) and
a-particles (33) as described in the supplemental materials (available at
http://jnm.snmjournals.org).

The 2-D option is used to create a cell population that resides on a
plane (i.e., colony). The cell-packing density can be specified by
changing the distance between the cells, and the shape (circle, rectan-
gle, ellipse) and dimensions of the colony can be set.

The 3-D option is attained by extending the planar cell configura-
tion to a 3-D cluster. The shape of the cluster is selectable as a sphere,
ellipsoid, rod, or cone cell-packing density, and the dimensions of the
cluster are specified by the user. The cluster is assembled in a 3-D
Cartesian coordinate system in a close-packed cubic lattice.

Cell Labeling. The distribution of activity among the labeled cell
population is set by the user in the “2-D Cluster” and “3-D Cluster”
tabs. As in MIRDcell V2.1, both the 2-D and the 3-D configurations
offer several random distributions by which the activity is distributed
among the labeled cells according to a uniform, normal, or lognormal
distribution. Labeled cells are selected randomly, and each cell is ran-
domly assigned an initial activity according to the user-selected distri-
bution. A uniform activity distribution among the labeled cells implies
that each labeled cell has the same initial activity 4 in its source
region. In the normal distribution, the initial activity per cell is distrib-
uted according to the probability density function:

— (A= (4))’

where (A4) is the mean initial activity per cell and o is the SD of
the mean. In the case of the lognormal distribution, the activity per
cell is distributed according to the probability density function:

,<1nA—(1n<A>—02/z))2

2

f (A) Ao \/2—11_6 20
where o is the lognormal shape-parameter. The functional forms of the
3 distributions are best viewed in the “Activity Histogram” tab.

New functionality in MIRDcell V3 includes both built-in and user-
provided radial activity distributions. The built-in radial distributions are
linear, exponential, polynomial, and 4-parameter lognormal distribu-
tions. Polynomial distributions up to the 10™ degree are possible by set-
ting the parameters accordingly. In all the radial activity distributions, a
radius of 0 pm corresponds to the center of the cell cluster. The user-
defined activity distribution feature is available only for the spherical
cluster geometry. Furthermore, for the ellipsoid cluster geometry, only
the standard normal, lognormal, and uniform activity distributions are
available as cell-labeling methods. Details on each distribution are pro-
vided in the user manual.

MIRDcell V2.1 assumed that the radiopharmaceutical penetrates all
the way into the cell cluster. MIRDcell V3 now provides the option of
creating a cold region at the center of the cluster and specifying the
depth (in wm) to which the drug penetrates the cluster from its outer
surface. This situation is common for clusters with radii of more than
50 wm. The cold region at the center of the cluster will contain unla-
beled cells. The various activity distributions described in the previous
paragraph can be assigned to the cluster’s outer region, which has the
labeled cells. The complex algebraic algorithms that are used to label
cells according to the drug penetration depth are provided for different
geometries in the user manual.

Visualization of Radial Distributions (New). MIRDcell V3 now
has tools to visualize the radial distributions of mean activity per labeled
cell, mean self-dose to labeled cells, mean cross-dose to labeled cells,
mean cross-dose to unlabeled cells, mean decays per labeled cell, and
mean dose to all cells. This feature can be accessed from the “Radial
Histogram” tab, which is available only for 3-D cluster geometries. It is
an important tool for checking that the specified activity distribution
meets the user’s expectations.

Visualization of Tomographic Sections (New). Visual representa-
tions of the 3-D cell cluster with color-coded labeled/unlabeled and
alive/dead cells is accessible from the “3-D Cluster” tab. New to
MIRDcell V3 are views of tomographic sections (illustrated in the
worked example below) of the 3-D geometry in the “3D Slice” tab.
The tomographic sections of each layer of cells (specified in cell diam-
eters) can be viewed by scrolling the mouse (Fig. 1).

SF and Tumor Control Probability (TCP) (New). In MIRDcell
V2.1, the SF of a cell cluster can be plotted as a function of mean
activity per cell (Bq), mean absorbed dose to cells (Gy), mean activity
per labeled cell (Bq), mean absorbed dose to labeled cells (Gy), and
mean absorbed dose to unlabeled cells (Gy). New to MIRDcell V3 are
mean decays per cell and mean decays per labeled cell. Also new is
presentation of the TCP on the vertical axis, which can be visualized
as a function of any of the domains specified above. The TCP is calcu-
lated using 2 different approaches. In the first approach, the TCP is
calculated using the Poisson model expression (34):

TCP(D) = (1-SF(D))",

, A>0, Eq. 7

Eq. 8

where SF(D) is the SF at a mean absorbed dose D, and # is the
number of cells in the cluster. The Poisson model of TCP works
under the assumption that the number of surviving cells is Pois-
son-distributed with an average nSF(D). The second approach
takes the survival probability of each cell into account when
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FIGURE 1.

View of 3 tomographic sections of rod-shaped cluster of cells with cold region in interior. Red cells are labeled with radionuclide. Green

cells are unlabeled. Opaque cells are alive, and translucent cells are dead. Blue lines point to tomographic section of corresponding cell layer.

calculating the TCP (22,35). The TCP is calculated using the fol-
lowing expression:

n
TCP = [[(1-P)). Eq. 9
i=1

Here, P; is the survival probability of the /™ cell.

Output (New). Similarly to MIRDcell V2.1, in MIRDcell V3 the
output data are written to 2 boxes in the “Output” tab. The right-hand
box of the “Output” tab contains the cellular self- and cross-dose S
coefficients for all target<—source combinations. The left-hand box of
the “Output” tab contains most of the information and data used to cal-
culate the absorbed doses and bioeffect. These data are used to create
the various plots that are available in the “Multicellular Geometry”
tab. New information in the left-hand box of MIRDcell V3 includes
additional input information and the option of saving the output data
as a .txt file. More granular data are provided, as well absorbed doses
from each radiation type, radial dose distributions, and other important
data used to make the plots.

WORKED EXAMPLE

In this section, the overall functionality and accuracy of MIRD-
cell V3 in predicting biologic response to radiopharmaceuticals is
illustrated by a worked example based on data in the literature.

213gj Bound to Cells on the Surface of Spherical Cell Clusters
Data published by Kennel et al. (27) are used in this example to
model the radiotoxicity of 2!3Bi bound to the surface of EMT-6
or LINE-1 tumor cells grown as spheroids. Briefly, monoclonal
antibody 13A to murine CD44 was labeled with 2!*Bi (3!*Bi-
MADbI13A). Only the outer cell layer of the spheroid was labeled,
such that the activity was localized to a layer 10 um from the
spheroid surface. The dosimetry was performed using Monte Carlo
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methods with an assumed nuclear radius of 5.35 wm. The average
spheroid diameter in their Figure 6 was 250 uwm. On the basis of
their Table 4, we estimated that a cluster of this diameter had
3,743 cells. These and other parameters set below were used for
both EMT-6 and LINE-1 tumor cells as per Kennel et al. (27).

Methods

From the “Source Radiation” tab in MIRDcell, the 3 average-
energy spectrum of 2*Bi plus daughters is selected (Fig. 2). By
selecting 2'*Bi plus daughters, all radiation types emitted by the
daughters of the >'*Bi decay chain are considered in the model and
the daughters are assumed to be in equilibrium with the parent. The
radiation data are displayed in the “Input Data for Calculation” box.

In the “Cell Source/Target” tab, the nucleus is selected as the tar-
get region and the single source region is the cell surface. The
radius of the nucleus is set to 5 wm. The radius of the cell and the
distance between cells (uwm) in the “Multicellular Geometry” tab
are adjusted until the number of cells in the spherical cluster
matches the experimental observations (3,473). This requires a cell
radius of 6 wm and a distance between cells of 13 um (Fig. 3).

Since the 2'*Bi decay chain involves many different radiation
types, and the LQ parameters vary depending on the type of radia-
tion and the target«—source regions, the “Complex Radiobiologic
Parameters” tab is used rather than the “Simple Radiobiologic
Parameters” tab (Fig. 4). Kennel et al. (2/) reported a Dy of ~1.8 Gy
using a planar a-particle source for both cell lines applied in their
experiment. Therefore, the « parameter for a-particles in the LQ
model is changed to 1/1.8 Gy '~ 0.56 Gy '. Default values are
kept for the other radiation types. The model was also run with zeros
for all the parameters of Auger electrons and B-particles, and the
results were the same as when run with default values (i.e., Auger
electrons and B-particles play no significant role in the response).
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FIGURE 2. “Source Radiation” tab.

From the “Multicellular Geometry” tab, the “3-D Cluster” tab is
selected and the radius of the cluster is set to 125 wm. The dis-
tance between cells is adjusted until the number of cells matches
the experimental observations (described in the “Complex Radio-
biological Parameters” section). A drug penetration depth of
12 um is set, and a radial exponential activity distribution is
selected from the drop-down labeling-method menu; the exponen-
tial factor is set to 0.4. Since the drug penetrates to only a single
cell layer (~12 um), the selection of the activity distribution has
minimal effect on the rest of the cluster. The time-integrated activ-
ity coefficient is set to 7,/In(2) = 1.11 h (where 7}, is the physical
half-life of the radionuclide). Even though what ultimately matters
is the product of the time-integrated activity coefficient and the
maximum mean activity per cell, which provides the mean number
of decays per cell (after correcting h to s), it is helpful to know the
time-integrated activity coefficient for reasonability checks. The
percentage of cells that are labeled in MIRDcell is set to 100%.
The maximum mean activity per cell (all cells) (Bq) is adjusted

until the maximum mean absorbed dose to cells in the MIRDcell
SF curve matches the maximum average dose (Gy) given in
Figure 6 of Kennel et al. (27). When the “Compute” button is
clicked the first time, an error message will pop up indicating that
100% of the cells cannot be labeled because this number exceeds
the number of cells within the drug penetration depth; the percent-
age of labeled cells will be automatically set to the maximum
number allowed when the error message is accepted. Therefore, a
good rule is to let the program decide the percentage of labeled
cells when a drug penetration depth is specified. Alternatively, if
there is a specific desired percentage, the value can be set before
the “Compute” button is clicked. Once the model is run, the SF as
a function of different domains can be visualized under the “SF
Curve” tab. The maximum mean activity per cell that matched the
desired absorbed dose was 0.02 Bq (Fig. 5). The radial activity
histograms and tomographic sections (Fig. 6) of the selected cell
cluster geometry are displayed in the “Radial Histogram” and
“3-D Slice” tabs, respectively. Tomographic sections of each cell

Source Radiation Geametry  Drug Planning  Output Information  Credits V3.06
Target Region(s) Target Region(s) + Source Region IRD
| % cell
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Cytoplasm (‘ % activity on Cell Surface 100
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FIGURE 3. “Cell Source/Target” tab.
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layer can be displayed by specifying the value, in terms of cell
diameters, in the box labeled “Axial Height.” Alternatively, the
sections can be scrolled through using the wheel of the mouse.
The “Output” tab lists the values of all the parameters used in the
model, along with the results. The left panel lists all the output data
used for the plots; these data can be viewed under the “Multicellular
Geometry” tab. The right panel lists all the self-dose S coefficients

and the cross-dose S coefficients as a function of the distance
between the center of the source cell and the center of the target cell.

Results and Comparison with Experimental Observations
Figure 7 compares the experimental observations for the SF as a

function of mean absorbed dose for the 2 cell lines as taken

from Figure 6 of Kennel et al. (27). The triangles represent the
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“Multicellular Geometry” tab. SF variation as function of mean activity per cell is shown on right.
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FIGURE 6. Tomographic section through center of spherical cell cluster
illustrating drug penetration depth, labeled cells (red), unlabeled cells
(green), alive cells (opaque), and dead cells (translucent). Only unlabeled
cells at center of cluster are alive.

radiolabeled antibody data, and the predictions from MIRDcell
are given by the red lines. It can be seen from both plots that the
data are better represented by the MIRDcell prediction than by
the single-component exponential fit used by Kennel et al.
Notably, the MIRDcell prediction for the LINE-1 cells is supe-
rior to that for the EMT-6 cells. Of greatest importance to radio-
pharmaceutical bioeffect modeling is that MIRDcell predicts
the appearance of a tail in the curve as the absorbed dose is
increased.

Two additional examples are in the supplemental materials.
Example 2 predicts the radiotoxicity of !''In-epidermal growth
factor distributed in spherical cell clusters (Supplemental Figs.
1-7). Example 3 describes the use of several new features in
MIRDcell V3 (Supplemental Figs. 8-10). Additional examples,
published previously (2), are in the user manual.

Also included in the supplemental materials are comparisons
between S coefficients calculated for 50-keV electrons with
MIRDcell and the Monte Carlo code, TOPAS-nBio (Supplemental

Figs. 11-12) (36). These S coefficients were used in MIRDcell to
generate and compare SF and TCP curves for a 100-um-radius
multicellular cluster with uniform or exponential activity distribu-
tions (Supplemental Figs. 13-20). S coefficients were calculated
similarly for !7’Lu and compared (Supplemental Fig. 21). A final
comparison for electrons was made with S coefficients that were
calculated on the basis of the Emfietzoglou range—energy relation-
ship (Supplemental Fig. 22) (37). Lastly, comparisons between S
coefficients calculated for 5-MeV a-particles and 2'°Po are made
between MIRDcell and TOPAS-nBio (Supplemental Figs. 23-24).

DISCUSSION

Several other codes for multicellular dosimetry and bioeffect
modeling have been published over the years (5,358—40). Charlton
published a program for multicellular dosimetry that used analytic
approaches to predict cell survival in micrometastases consisting
of 2 cell types (41). Hobbs et al. created a GEANT4-based pro-
gram for multicellular dosimetry with features to calculate TCP
(35). Howell et al. expanded on his earlier work by studying the
impact of lognormal distributions of activity among the cell popu-
lation in multicellular clusters (42). Marcatili et al. developed gen-
eral-purpose software tools to generate randomized 3-D cell
culture geometries based on experimentally determined parameters
(cell size, cell density, cluster density, average cluster size, cell
cumulated activity). Their models were used in conjunction with
analytic and Monte Carlo dosimetry calculations to predict the
fraction of surviving cells after uptake of '’’Lu radiopharmaceuti-
cals (43). Cai et al. developed a multicellular model that used
MCNP radiation transport (44). Sizeable differences of up to about
30% in the cross-dose S coefficients produced by their code versus
MIRDcell V2.1 were noted. These differences, and their modest
impact on SF and TCP, are discussed in the supplemental materi-
als. The most detailed model was published by Raghavan et al.
(45). The Raghavan model accounts for time-dependent advection
and diffusion of radiopharmaceuticals into cells surrounding the
cavity that remains after resecting brain tumors. Although MIRD-
cell does not have a similar capability, we are developing a Python
code that processes 3-D activity distribution snapshots over time
and calculates the radially dependent time-integrated activity on a
cell-by-cell basis.

Although many multicellular dosimetry programs have been de-
veloped, they are largely in the hands of their creators and not
available widely for general use. Supplemental Table 1 compares
the features of MIRDcell with 2 codes that are available for users,

namely COOLER (46) and PARaDIM (47).

Although these can accommodate more

diverse geometric shapes for the cells, they
have a limited scope of other options com-
pared with MIRDcell and they lack user-
friendly graphic user interfaces.

Except for the added new features in
MIRDcell V3.10, the underlying modeling
concepts and assumptions are the same as
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those of MIRDcell V2.1. The cell and the
cell nucleus are still modeled as concen-

FIGURE 7. Comparison of MIRDcell prediction with experimental observations. Original plots

tric spheres. The effect of the shape of the
cell on the calculated absorbed dose is

extracted from Kennel et al. (27) have been overlayed with MIRDcell predictions (red). (A) EMT-6

cells. (B) LINE-1 cells. Triangles are data obtained for MAb13A, and circles are those obtained for
MAb14, which is nonbinding with tissue. Solid lines are least-squares fits to exponential function

provided by Kennel et al. MIRDcell simulation was run for MAb13A cells.

usually small (25), except for certain elec-
tron energies that have ranges similar to
cellular dimensions (46). Furthermore,
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unlike PARaDIM (47), V3 also assumes a constant size for all the
cells in the population. Like MIRDcell V2.1, the dosimetry and
bioeffect modeling in MIRDcell V3 does not account for the sto-
chastic variations in the number of a-particle decays, hits, and
energy deposited. Furthermore, users should be mindful that pho-
tons are ignored in V3.10 and earlier versions of MIRDcell; pho-
ton contributions to the absorbed dose can become significant for
large cluster sizes. MIRDcell V3.10 does not take bystander and
abscopal effects into account in the model either (48-50). Also,
any dose rate effects and temporal effects such as proliferation
are not explicitly accounted for in modeling the biologic
response. However, as mentioned in MIRD pamphlet no. 25 (2),
this limitation can be compensated for by using suitable values
for the LQ parameters in the “Radiobiologic Parameters” tab.

Similarly to MIRDcell V2.1, V3.10 also uses a variation of the
LQ model that accounts for self- and cross-doses when modeling
the biologic response of cell clusters to different radiation types.
The effect of lesion interactions produced by mixtures of self- and
cross-dose on biologic response are ignored; rather, their effects
are considered independently. New in V3, accommodated by the
“Complex Radiobiologic Parameters” tab, is a new target region
(cytoplasm) and the capacity to adjust the LQ parameters for each
individual radiation type. Again, the effects of each radiation type
are treated independently, as are the effects from absorbed doses
arising from decays in different source regions. This approach can
underestimate the effect, particularly at high doses. However, the
exact mechanisms behind interactions with mixed-linear-energy-
transfer radiations are not well understood. Various theoretic for-
mulations for bioeffect modeling of mixed radiations have been
proposed by both experimental and theoretic groups over the years
(51-53). They include the addition of interaction terms between
the various radiation insults that can arise. Although our worked
examples here and in the supplemental materials show that the
present MIRDcell bioeffect models behave satisfactorily, the intro-
duction of interaction terms is under investigation for possible
inclusion in MIRDcell algorithms.

CONCLUSION

Given the highly nonuniform cellular exposures received in
nuclear medicine, designing treatment plans for therapeutic radio-
pharmaceuticals is challenging. Therefore, the revisions to this
software application were developed to improve visualization and
understanding of the impact of radionuclide choice, distribution of
activity in and among cells, cell dimensions, intercell distances,
cluster size, and radiobiologic response parameters on the capacity
to kill populations of cells. These parameters can play a substantial
role in determining the SF of cells and TCP. Accordingly, MIRD-
cell is a versatile software tool that can be used for educational
purposes and design of RPTs.
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Antibody-Guided Molecular Imaging of Aspergillus Lung

Infections in Leukemia Patients
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Invasive pulmonary aspergillosis (IPA) caused by the fungus
Aspergillus fumigatus (Fig. 1A) is a life-threatening lung disease
of acute myeloid leukemia patients, with the diagnosis currently
being reliant on invasive, slow, or nonspecific procedures, includ-
ing chest CT (7). Here, we showcase the (to our knowledge)

first-time use in humans of an Aspergillus-specific radiotracer
(2,3) administered to acute myeloid leukemia patients diagnosed
with no IPA or with IPA according to consensus definitions of
the disease. The subjects underwent *Cu-NODAGA-hJF5-PET/
MRI on a compassionate-use basis according to the German

PET/MRI

fal

FIGURE 1.

(A) Inhaled spores of opportunistic fungal pathogen Aspergillus fumigatus (inset) can lead to IPA in AML patients. (B) Immuno-PET/MRI of

patient 1 (no IPA) shows no tracer uptake in lung lesion (arrowheads); patient 2, diagnosed with IPA, shows enhanced tracer uptake in pulmonary lesion
of right lower lobe (arrowheads). CT scans were acquired 1 wk before PET/MRI. (C) Chemical structure is shown for Aspergillus-specific radiotracer
54Cu-NODAGA-hJF5. (D) Maximum-intensity projection of **Cu-NODAGA-hJF5 in patient 2 shows pulmonary lesion (arrowheads).
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Medicinal Products Act (Arzneimittelgesetz §13.2b). Scientific
analysis was approved by the institutional review board (approval
206/2020B0O2). Written informed consent was obtained from all
patients.

Uptake of the tracer in pulmonary lesions was determined using PET/
MRI 15-18 h after intravenous injection with 196-287 MBq (Figs. 1B
and 1C). In patient 1, no tracer uptake (SUVx, 2.5; SUVinean, 1.15
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size [CT], 1.3 X 1.2 X 1.6 cm) above background levels (SUV e, liver,
5.9; SUV e blood pool, 6.5; SUV e, ung, 0.9) was observed in the
lung lesion, concordant with no IPA. Patient 2, diagnosed with IPA,
showed pronounced uptake of the tracer in the pulmonary lesion of the
right lower lobe (SUV ., 5.94; size [CT], 6.2 X 4.0 X 4.1 cm; SUV ean
liver, 6.1; SUV pean blood pool, 7.0; SUV yean Iung, 0.8; maximum-inten-
sity projection, Fig. 1D). This first-in-humans study shows the potential
of antibody-guided PET for noninvasive IPA detection.
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LETTERS TO THE EDITOR

Brain Metabolic PET Findings on the Long-Term
Effects of COVID-19

TO THE EDITOR: We would like to thank Meyer et al. for their
impressive systematic review on brain PET and SPECT findings
on the acute and long-term effects of coronavirus disease 2019
(COVID-19) (I). We anticipate that this article will constitute an
important reference for this topic, especially for long COVID, also
by identifying roadmap points for further studies. Moreover, we
believe that the authors’ recommendations are reasonable and corre-
spond to our own practice, namely, possible use of PET/SPECT: (a)
for differential diagnosis in selected cases after clinical evaluation
within the framework of existing authorizations and recommenda-
tions (2), particularly for encephalitis and neurodegenerative diseases;
and (b) when neurologic disorders have persisted several months,
or—in the event of worsening—for cerebral assessment of such
patients after a clinical evaluation to confirm such impairments,
which we believe cannot be limited to the cognitive domain and
consequently only to neuropsychiatric testing (e.g., dysautonomia).

We would like to clarify several points concerning our previous
publications, on which recommendations for long COVID are
partly based.

As accurately highlighted by our colleagues (/), the inclusion
criteria of time spans from initial infection have fluctuated in our
studies (3,4), albeit in accordance with the fluctuations of the
French and international definitions of the condition (3 wk, 1 mo,
and now 3 mo). The definition used at the time of publication was
justified in our articles (3,4). We fully recognize the possible
impact of this delay on PET findings and the need for further stan-
dardized studies based on the current clinical definition of long
COVID. In this line, we recently showed, in a multicentric study
including 143 patients, a consensual profile of brain hypometab-
olism on visual interpretation for approximately one half of
patients with suspected neurologic long COVID approximately
11 mo after symptom onset, whereas the second half of patients
had normal brain PET metabolism (5). We also agree that rec-
ommendations for the clinical use of PET imaging must take
into account a delay of confirmed persistent symptoms (>3—6 mo
for Meyer et al. (1)).

Meyer et al. suggested that our PET results were unjustifiably
obtained with 2 distinct statistical thresholds in the 2 studies (“P <
0.05, FWE-corrected [familywise-error—corrected] in adults; P <
0.001, uncorrected in children”) (/). The same statistical thresholds
were in fact used for the 2 studies (3,4). The reader can refer to the
methods and Table 2 of the 2 studies (P [voxel] < 0.001; P [cluster]
< 0.05, familywise-error—corrected) (3,4).

Meyer et al. mentioned that we reported a “weak” negative associ-
ation between the number of complaints and the PET metabolism of
the brain stem and cerebellum (“4* = 0.1 and 0.34, respectively™)
(). Similarly, the reader can refer to the results of our study: the
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was in fact 0.19 and 0.34 (» = —0.440 and — 0.581, P = 0.004
and P < 0.001, respectively) (3).

Meyer et al. mentioned that our hypotheses concerning metabolic
modifications in long COVID changed between the 2 studies, from
“neurotropism” to “inflammatory,” “dysimmune,” or ‘“vascular”
damage (). The term neurotropism refers both to the direct hypo-
thetic effects of brain viral propagation and to the possible indirect
effects of the virus on inflammatory, dysimmune, or vascular dam-
age (6). We believe that these hypotheses are well explained in our
previous papers (3,4,7,8), including the one (3) quoted specifically
by Meyer et al. supposedly to exclude alternative explanations (/)
(immune-inflammation disorder; lesions possibly involving direct
infection injury, hypoxia, and immune injuries; hypothesis of brain
hypometabolic dysfunction secondary to earlier hypermetabolic
inflammation; treatment of the possible inflammatory olfactive gate-
way and stimulation of this hypofunctional brain network). Meyer
et al. also pointed out that the hypothesis of neurotropism from olfac-
tory bulbs is independent of anosmia, since not all patients with long
COVID and brain hypometabolism have functional complaints of
olfactory functions. Brain impairment is not systematically associated
with functional complaints, and anosognosia of olfactory deficits has
been reported in patients with long COVID (9). Importantly, a recent
controlled longitudinal study with MRI performed on 785 subjects
before and during the outbreak demonstrated an increased reduction
in gray matter thickness and tissue contrast within limbic regions con-
nected to the olfactory regions in infected patients (6).

Meyer et al. mentioned that we considered psychologic explana-
tion as an equal hypothesis in our last article (4) (Table 2 (7):
“[s]everal possible explanations [inflammatory, immune, neuro-
tropism, vascular, gut-brain disturbance, psychologic], but none
clearly favored”). Psychologic factors were considered in our 2
previous publications as possible contributors to organic explana-
tions and not as exclusive alternatives (possible entanglement with
other factors and particularly psychologic factors (3) and possible
interactions with psychologic factors (4)). Importantly, our PET
results were also obtained by comparing long-COVID patients with
age-matched control patients with functional symptoms, in whom
somatic cerebral diseases were thereafter excluded at follow-up (4),
bringing additional arguments against exclusive psychologic explana-
tions. We also noticed that this profile is distinct from those associated
with the lockdown impact (10).

Finally, Meyer et al. proposed an interesting methodologic discus-
sion on various postprocessing choices, including the tricky issue of
activity normalization, with the proposal to further develop princi-
pal-component analyses. Such considerations have been extensively
discussed regarding possible advantages and limits, as have discrep-
ancies among studies in addition to the heterogeneity of patients (7).
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