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High Contrast Perfusion Images
• Rapid brain uptake1

• Rapid blood clearance1,2,3

• Rapid washout from facial muscles2,4

• Negligible intracerebral redistribution1,3,5

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

• Facilitates use in multiple settings1,5,6

• May result in fewer doses6
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BRIEF SUMMARY
Please see Full Prescribing Information available at
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INDICATIONS
Neurolite single photon emission computerized tomography
(SPECT) is indicated as an adjunct to conventional CT or MRI
imaging in the localization of stroke in patients in whom stroke
has already been diagnosed.

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

CONTRAINDICATIONS
None known

WARNINGS
None known

PRECAUTIONS

General

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

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

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

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

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

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

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

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

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

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

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

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

David M. Schuster, MD

Ex officio

Johannes Czernin, MD, FSNMMI

Arnold M. Strashun, MD, FSNMMI

Associate Director of Communications
Susan Alexander

Senior Copyeditor
Susan Nath

Senior Publications & Marketing Service
Manager
Steven Klein

Editorial Production Manager
Amy Turner

Editorial Project Manager
Mark Sumimoto

Director of Communications
Rebecca Maxey

CEO
Virginia Pappas



EDITOR-IN-CHIEF
Johannes Czernin, MD
University of California at Los Angeles
Los Angeles, California

IMMEDIATE PAST EDITOR
Dominique Delbeke, MD, PhD
Vanderbilt University Medical Center
Nashville, Tennessee

ASSOCIATE EDITORS, CONTINUING EDUCATION
Hossein Jadvar, MD, PhD, MPH, MBA, FACNM,
FSNMMI
University of Southern California
Los Angeles, California
Lale Kostakoglu, MD, MPH
University of Virginia Health System
Charlottesville, Virginia

ASSOCIATE EDITORS
Ramsey Derek Badawi, PhD
UC Davis Medical Center
Sacramento, California
Henryk Barthel, MD, PhD
Leipzig University
Leipzig, Germany
Frank M. Bengel, MD
Hannover Medical School
Hannover, Germany
Lisa Bodei, MD, PhD
Memorial Sloan Kettering Cancer Center
New York, New York
Irene Buvat, PhD
Universit#e Paris Sud
Orsay, France
J#er#emie Calais, MD
University of California at Los Angeles
Los Angeles, California
Sharmila Dorbala, MBBS
Brigham and Women's Hospital
Lexington, Massachusetts
Alexander E. Drzezga, MD
University Hospital of Cologne
Cologne, Germany
Jan Grimm, MD, PhD
Memorial Sloan Kettering Cancer Center
New York, New York
Ken Herrmann, MD, MBA
Universit€atsklinikum Essen
Essen, Germany
Thomas A. Hope, MD
University of California, San Francisco
San Francisco, California
Jason S. Lewis, PhD
Memorial Sloan Kettering Cancer Center
New York, New York
David A. Mankoff, MD, PhD
University of Pennsylvania
Philadelphia, Pennsylvania
Heiko Sch€oder, MD
Memorial Sloan Kettering Cancer Center
New York, New York
Wolfgang Weber, MD
Technical University of Munich
M€unchen, Germany

SERIES EDITOR, FOCUS ON MI
Carolyn J. Anderson, PhD
University of Missouri
Columbia, Missouri

SERIES EDITOR, HOT TOPICS
Heinrich R. Schelbert, MD, PhD
University of California at Los Angeles
Los Angeles, California

CONSULTING EDITORS
Nancy Knight, PhD
University of Maryland School of Medicine
Baltimore, Maryland
Barry A. Siegel, MD
Mallinckrodt Institute of Radiology
St. Louis, Missouri
Arnold M. Strashun, MD
SUNY Downstate Medical Center
Scarsdale, New York
H. William Strauss, MD
Memorial Sloan Kettering Cancer Center
New York, New York

ASSOCIATE EDITORS (INTERNATIONAL)
Gerald Antoch, MD
Dusseldorf, Germany
Richard P. Baum, MD, PhD
Bad Berka, Germany

Ambros J. Beer, MD
Ulm, Germany
François B#enard, MD, FRCPC
Vancouver, Canada
Thomas Beyer, PhD
Vienna, Austria
Andreas K. Buck, MD, PhD
W€urzburg, Germany
Ignasi Carri#o, MD
Barcelona, Spain
June-Key Chung, MD
Seoul, Korea
Stefano Fanti, MD
Bologna, Italy
Markus Hacker, MD
Wien, Austria
Rodney J. Hicks, MD, FRACP
Melbourne, Australia
Michael S. Hofman, MBBS, FRACP
Melbourne, Australia
Ora Israel, MD
Haifa, Israel
Andreas Kjaer, MD, PhD, DMSc
Copenhagen, Denmark
Adriaan A. Lammertsma, PhD
Amsterdam, The Netherlands
Michael Lassman, PhD
W€urzburg, Germany
Helmut R. M€acke, PhD
Freiburg, Germany
Wim J.G. Oyen, MD, PhD
Milan, Italy
John O. Prior, MD, PhD
Lausanne, Switzerland
Osman Ratib, MD, PhD
Geneva, Switzerland
Mike Sathekge, MBChB, MMed, PhD
Pretoria, South Africa
Markus Schwaiger, MD
M€unchen, Germany
Andrew M. Scott, MD
Heidelberg, Australia
Nagara Tamaki, MD, PhD
Kyoto, Japan
Jia-He Tian, PhD
Beijing, China
Mei Tian, MD, PhD
Hangzhou, China

EDITORIAL CONSULTANTS
Martin S. Allen-Auerbach, MD
Los Angeles, California
Magnus Dahlbom, PhD
Los Angeles, California
Andrew Quon, MD
Los Angeles, California
Christiaan Schiepers, MD, PhD
Los Angeles, California
Daniel H. Silverman, MD, PhD
Los Angeles, California
Roger Slavik, PhD
Winterthur, Switzerland

EDITORIAL BOARD
Diane S. Abou, PhD
St. Louis, Missouri
Hojjat Ahmadzadehfar, MD
Dortmund, Germany
Valentina Ambrosini, MD, PhD
Bologna, Italy
Norbert Avril, MD
Cleveland, Ohio
Shadfar Bahri
Los Angeles, California
Jacques Barbet, PhD
Saint-Herbalin, France
Bradley Jay Beattie, PhD
New York, New York
Matthias Richard Benz, MD
Los Angeles, California
Elie Besserer-Offroy, PhD, FACSc
Los Angeles, California
Pradeep Bhambhvani, MD
Birmingham, Alabama
Angelika Bischof-Delaloye, MD
Lausanne, Switzerland
Christina Bluemel, MD
W€urzburg, Germany
Ronald Boellaard, PhD
Groningen, The Netherlands

Nicolaas Bohnen, MD
Ann Arbor, Michigan
Wesley E. Bolch, PhD
Gainesville, Florida
Elias H. Botvinick, MD
San Francisco, California
Winfried Brenner, MD, PhD
Berlin, Germany
Richard C. Brunken, MD
Cleveland, Ohio
Ralph Buchert, PhD
Hamburg, Germany
Alfred Buck, MD
Menzingen, Switzerland
Denis B. Buxton, PhD
Bethesda, Maryland
Weibo Cai, PhD
Madison, Wisconsin
Federico Caobelli, MD
Basel, Switzerland
Giuseppe Carlucci, PhD
Los Angeles, California
Richard E. Carson, PhD
New Haven, Connecticut
Paolo Castellucci, MD
Bologna, Italy
Franscesco Ceci, MD, PhD
Turin, Italy
Juliano J. Cerci
Curitiba, Brazil
Delphine Chen, MD
Seattle, Washington
Xiaoyuan Chen, PhD
Singapore
Simon R. Cherry
Davis, California
Arturo Chiti, MD
Rozzano, Italy
Peter M. Clark, PhD
Los Angeles, California
Christian Cohade, MD
Montreal, Canada
Ekaterina (Kate) Dadachova, PhD
Saskatoon, Canada
Issa J. Dahabreh, MD
Boston, Massachusetts
Heike Elisabeth Daldrup-Link, MD, PhD
Stanford, California
Farrokh Dehdashti, MD
St. Louis, Missouri
Robert C. Delgado-Bolton, MD, PhD
Logro~no, Spain
Thorsten Derlin, MD
Hannover, Germany
Elisabeth G.E. de Vries, PhD
Groningen, The Netherlands
Marcelo F. Di Carli, MD
Boston, Massachusetts
David W. Dick, PhD
Iowa City, Iowa
Vasken Dilsizian, MD
Baltimore, Maryland
Jacob Dubroff, MD, PhD
Philadelphia, Pennsylvania
Janet F. Eary, MD
Bethesda, Maryland
W. Barry Edwards, PhD
Columbia, Missouri
Matthias Eiber, MD
Munich, Germany
David Eidelberg, MD
Manhasset, New York
Georges El Fakhri, PhD
Boston, Massachusetts
Peter J. Ell, MD
London, United Kingdom
Keigo Endo, MD
Nantan, Japan
Einat Even-Sapir, MD, PhD
Tel Aviv, Israel
Frederic H. Fahey, DSc
Boston, Massachusetts
Melpomeni Fani, PhD, MSc
Basel, Switzerland
Andrea Farolfi, MD
Bologna, Italy
Wolfgang Peter Fendler, MD
Essen, Germany



EDITORIAL BOARD, continued
James W. Fletcher, MD
Indianapolis, Indiana
Amy M. Fowler, MD, PhD
Madison, Wisconsin
Kirk A. Frey, MD, PhD
Ann Arbor, Michigan
Andrei Gafita
Los Angeles, California
Victor H. Gerbaudo, PhD, MSHCA
Boston, Massachusetts
Frederik L. Giesel, MD, PhD, MBA
D€usseldorf, Germany
Karolien Goffin, MD, PhD
Leuven, Belgium
Serge Goldman, MD, PhD
Brussels, Belgium
Stanley J. Goldsmith, MD
New York, New York
Martin Gotthardt, MD, PhD
Nijmegen, The Netherlands
Michael Graham, MD, PhD
Iowa City, Iowa
David Groheux, MD, PhD
Paris, France
Uwe A. Haberkorn, MD
Heidelberg, Germany
Mathieu Hatt, PhD, HDR
Brest, France
Wolf-Dieter Heiss, MD
Cologne, Germany
Karl Herholz, MD
Manchester, United Kingdom
Thomas F. Heston, MD
Las Vegas, Nevada
John M. Hoffman, MD
Salt Lake City, Utah
Carl K. Hoh, MD
San Diego, California
Jason P. Holland, DPhil
Zurich, Switzerland
Roland Hustinx, MD, PhD
Liege, Belgium
Andrei H. Iagaru, MD
Stanford, California
Masanori Ichise, MD
Chiba, Japan
Heather A. Jacene, MD
Boston, Massachusetts
Francois Jamar, MD, PhD
Brussels, Belgium
Jae Min Jeong, PhD
Seoul, Korea
John A. Katzenellenbogen, PhD
Urbana, Illinois
Zohar Keidar, MD, PhD
Haifa, Israel
Kimberly A. Kelly, PhD
Charlottesville, Virginia
Laura M. Kenny, MD, PhD
London, United Kingdom
Fabian Kiessling, MD
Aachen, Germany
E. Edmund Kim, MD, MS
Orange, California
Francoise Kraeber-Bod#er#e, MD, PhD
Nantes, France
Clemens Kratochwil, MD
Heidelberg, Germany
Kenneth A. Krohn, PhD
Portland, Oregon
Brenda F. Kurland, PhD
Pittsburgh, Pennsylvania
Constantin Lapa, MD
Augsburg, Germany
Suzanne E. Lapi, PhD
Birmingham, Alabama
Steven M. Larson, MD
New York, New York
Dong Soo Lee, MD, PhD
Seoul, Korea
Jeffrey Leyton, PhD
Sherbrooke, Canada
Xiang-Guo Li, PhD
Turku, Finland
Hannah M. Linden, MD
Seattle, Washington
Martin A. Lodge, PhD
Baltimore, Maryland
Katharina L€uckerath, PhD
Los Angeles, California
Susanne L€utje, MD, PhD
Bonn, Germany
Umar Mahmood, MD, PhD
Boston, Massachusetts

H. Charles Manning, PhD
Nashville, Tennessee
Giuliano Mariani, MD
Pisa, Italy
Chester A. Mathis, PhD
Pittsburgh, Pennsylvania
Alan H. Maurer, MD
Philadelphia, Pennsylvania
Jonathan McConathy, MD, PhD
Birmingham, Alabama
Alexander J.B. McEwan, MD
Edmonton, Canada
Yusuf Menda, MD
Iowa City, Iowa
Philipp T. Meyer, MD, PhD
Freiburg, Germany
Matthias Miederer, MD
Mainz, Germany
Jasna Mihailovic, MD, PhD
Sremska Kamenica, Serbia
Erik Mittra, MD, PhD
Portland, Oregon
Christine E. Mona, PhD
Los Angeles, California
Dae Hyuk Moon, MD
Seoul, Korea
Jennifer Murphy, PhD
Los Angeles, California
Helen Nadel, MD, FRCPC
Stanford, California
Matthias Nahrendorf, MD, PhD
Boston, Massachusetts
Yuji Nakamoto, MD, PhD
Kyoto, Japan
David A. Nathanson, PhD
Los Angeles, California
Nghi C. Nguyen, MD, PhD
Dallas, Texas
Sridhar Nimmagadda, PhD
Baltimore, Maryland
Egbert U. Nitzsche, MD
Aarau, Switzerland
Daniela E. Oprea-Lager, MD, PhD
Amsterdam, The Netherlands
Medhat M. Osman, MD, PhD
Saint Louis, Missouri
Christopher J. Palestro, MD
New Hyde Park, New York
Miguel Hernandez Pampaloni, MD, PhD
San Francisco, California
Neeta Pandit-Taskar, MD
New York, New York
Ashwin Singh Parihar, MBBS, MD
Saint Louis, Missouri
Michael E. Phelps, PhD
Los Angeles, California
Gerold Porenta, MD, PhD
Vienna, Austria
Sophie Poty, PhD
Montpellier, France
Edwin (Chuck) Pratt, PhD, MS Eng
New York, New York
Daniel A. Pryma, MD
Philadelphia, Pennsylvania
Valery Radchenko, PhD
Vancouver, Canada
Caius G. Radu, MD
Los Angeles, California
Isabel Rauscher, MD
Munich, Germany
Nick S. Reed, MBBS
Glasgow, United Kingdom
Mark Rijpkema, PhD
Nijmegen, The Netherlands
Steven P. Rowe, MD, PhD
Baltimore, Maryland
Mehran Sadeghi, MD
West Haven, Connecticut
Orazio Schillaci, MD
Rome, Italy
Charles Ross Schmidtlein, PhD
New York, New York
David M. Schuster, MD
Atlanta, Georgia
Travis Shaffer, PhD
Stanford, California
Sai Kiran Sharma, PhD
New York, New York
Anthony F. Shields, MD, PhD
Detroit, Michigan
Barry L. Shulkin, MD, MBA
Memphis, Tennessee
Yu Shyr, PhD
Nashville, Tennessee

Albert J. Sinusas, MD
New Haven, Connecticut
Riemer H.J.A. Slart, MD, PhD
Groningen, The Netherlands
Piotr Slomka, PhD, FACC
Los Angeles, California
Simon John Christoph Soerensen, MD
Stanford, California
Ida Sonni, MD
Los Angeles, California
Michael G. Stabin, PhD
Richland, Washington
Lisa J. States, MD
Philadelphia, Pennsylvania
Sven-Erik Strand, PhD
Lund, Sweden
Rathan M. Subramaniam, MD, PhD, MPH
Dunedin, New Zealand
John Sunderland, PhD
Iowa City, Iowa
Suleman Surti, PhD
Philadelphia, Pennsylvania
Julie Sutcliffe, PhD
Sacramento, California
David Taieb, MD, PhD
Marseille, France
Laura H. Tang, MD, PhD
New York, New York
Ukihide Tateishi, MD, PhD
Tokyo, Japan
James T. Thackeray, PhD
Hannover, Germany
Mathew L. Thakur, PhD
Philadelphia, Pennsylvania
Alexander Thiel, MD
Montreal, Canada
Daniel L.J. Thorek, PhD
St. Louis, Missouri
David W. Townsend, PhD
Singapore
Timothy Turkington, PhD
Durham, North Carolina
Gary A. Ulaner, MD, PhD
Irvine, California
David Ulmert, MD, PhD
Los Angeles, California
Lena M. Unterrainer, MD, MHBA
Munich, Germany
Christopher H. van Dyck, MD
New Haven, Connecticut
Douglas Van Nostrand, MD
Washington, District of Columbia
Patrick Veit-Haibach, MD
Toronto, Canada
Nerissa Viola-Villegas, PhD
Detroit, Michigan
John R. Votaw, PhD
Atlanta, Georgia
Richard L. Wahl, MD
St. Louis, Missouri
Anne Marie Wallace, MD
La Jolla, California
Martin A. Walter, MD
Geneva, Switzerland
Rudolf A. Werner, MD
Wuerzburg, Germany
Andreas G. Wibmer, MD
New York, New York
Anna M. Wu, PhD
Duarte, California
Randy Yeh, MD
New York, New York
Hyewon (Helen) Youn, PhD
Seoul, Korea
Pat B. Zanzonico, PhD
New York, New York
Brian M. Zeglis, PhD
New York, New York
Robert Zeiser, MD
Freiburg, Germany
Hong Zhang, MD, PhD
Hangzhou, China
Hongming Zhuang, MD, PhD
Philadelphia, Pennsylvania
Sibylle I. Ziegler, PhD
Munich, Germany

ASSISTANT TO THE EDITOR
Joshua N. Wachtel
Los Angeles, California



Expanding roles in myeloma: Kraeber-Bod#er#e
and colleagues review new developments inmulti-
ple myeloma treatment, including prognostic eval-
uation and response assessment, with an emphasis
on nuclear medicine techniques. . . . . . Page 1331

Auger electron–emitting therapy potential:
Bolcaen and colleagues summarize expert per-
spectives on the current status of Auger electron
radiopharmaceutical therapy, identify hurdles to
development, and make recommendations for
future research. . . . . . . . . . . . . . . . . . . Page 1344

Future of U.S. nuclear medicine: Graham offers
perspective on the implications of nuclear medicine
workforce shortages and outlines recommendations
for meeting the challenges of training physicians in
this rapidly evolving discipline. . . . . . .Page 1352

ABNM looks at nuclearmedicine future: Segall
and colleagues provide data from the American
Board of Nuclear Medicine on declining numbers
of nuclear medicine residents in training and the
effects of new pathways to certification, including
dual training programs. . . . . . . . . . . . . Page 1354

Stronger together: Grady and colleagues look at
the multidisciplinary history of radiopharmaceuti-
cal imaging and therapy and emphasize the impor-
tance of inclusivity in nuclear medicine training to
encompass collaboration and cooperation across
existing boundaries. . . . . . . . . . . . . . . Page 1356

Redefining nuclear medicine for the future:
Czernin and Calais call for new standards with
integrated programmatic and financial indepen-
dence to strengthen future nuclear medicine train-
ing with breakthrough technologies that attract
young talent. . . . . . . . . . . . . . . . . . . . . Page 1359

Toward integrated independence: Johannes
Czernin discusses the future of radiolabeled thera-
nostics and associated training and practice with
subject-matter leaders Ebrahim Delpassand, Eric
Rohren, and Wolfgang Weber. . . . . . . Page 1361

ABY-025PETinHER2breast cancer:Alhusein-
alkhudhur and colleagues investigate uptake of
this 68Ga-labeled human epidermal growth factor
receptor 2–binding PET tracer in biopsy results
and early treatment response in primary andmeta-
static breast cancer. . . . . . . . . . . . . . . .Page 1364

[18F]FDG PET/CT in sarcoma:Metser and col-
leagues determine the impact of [18F]FDG PET/
CT on initial staging, restaging, clinical manage-
ment, and outcomes of patients with soft-tissue
and bone sarcomas and negative/equivocal find-
ings for metastases or limited recurrence on con-
ventional work-up. . . . . . . . . . . . . . . . Page 1371

Targeting CD206 in humans: Gondry and
colleagues evaluate the safety, biodistribution,
dosimetry, and tumor uptake of a [68Ga]Ga-

NOTA-anti-CD206 single-domain antibody
tracer targeting antiinflammatory macrophages
in patients with solid tumors. . . . . . Page 1378

68Ga-FAPI PET/CT and ECD: Ma and col-
leagues explore the ability of 68Ga–fibroblast acti-
vation protein inhibitor PET/CT to detect and
differentiate lesions in patients with Erdheim–
Chester disease.. . . . . . . . . . . . . . . . . . Page 1385

Pain outcomes and 223Ra therapy: Palmedo and
colleagues detail the results of a study of pain-
and bone pain–related quality of life in patients
withmetastatic castration-resistant prostate cancer
and symptomatic bone metastases receiving
223Ra.. . . . . . . . . . . . . . . . . . . . . . . . . .Page 1392

68Ga-FAPIand 18F-FDGPET/CT in lymphoma:
Chen and colleagues compare the diagnostic per-
formance of 68Ga-labeled fibroblast activation
protein inhibitor and 18F-FDG PET/CT in diag-
nosing lymphomas and characterize the influence
of associatedmarkers on tracer uptake by involved
lesions. . . . . . . . . . . . . . . . . . . . . . . . .Page 1399

SSTR antagonist PET/CT in NETs: Lin and
colleagues contrast the performances of 68Ga-
DOTATATE and 68Ga-NODAGA-JR11, a novel
somatostatin receptor antagonist, in whole-body
PET imaging of patients with metastatic,
well-differentiated neuroendocrine tumors.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Page 1406

Hypocalcemia in 177Lu-PSMA responders:
Kumar and colleagues present case reviews of
2 men with marked hypocalcemic osteosclerotic
responses to 177Lu-PSMA-I&T therapy,with addi-
tional data estimating the general clinical incidence
of such responses. . . . . . . . . . . . . . . . . Page 1412

Appropriate use of 177Lu-PSMA-617 RLT:
Hope and colleagues provide an SNMMI expert
consensus document with standardized guidance
for selection and management of patients for
177Lu-PSMA radioligand therapy. . . . Page 1417

CXCR4-directed endoradiotherapy of DSRCT:
Hartlapp and colleagues report on experience with
the clinical potential of C-X-C motif chemokine
receptor 4–directed imaging and endoradiotherapy
in desmoplastic small round cell tumors, a rare
sarcoma subtype.. . . . . . . . . . . . . . . .Page 1424

177Lu-PSMAkinetic assessment:Straub and col-
leagues use posttherapy SPECT/CT to test the
hypothesis that 177Lu-PSMA-617 tracer kinetics
within tumors may influence treatment effective-
ness in metastasized castration-resistant prostate
cancer. . . . . . . . . . . . . . . . . . . . . . . . . . Page 1431

225Ac-PRIT for peritoneal carcinomatosis:
Chung and colleagues investigate the use of human
epidermal growth factor receptor 2 225Ac-pretar-
geted radioimmunotherapy to treat a mouse

model of human epithelial ovarian carcinoma
SKOV3 xenografts growing as peritoneal
carcinomatosis. . . . . . . . . . . . . . . . . .Page 1439

225Ac PRIT in ovarian cancer:Li and colleagues
provide context and commentary on preclinical
research published in this issue of JNM on a prom-
isingpretargeted radioimmunotherapeutic approach
for treating HER2-expressing ovarian peritoneal
carcinomatosis. . . . . . . . . . . . . . . . . . . .Page 1446

FAPI tetramers in cancer theranostics: Pang
and colleagues evaluate the tumor-targeting charac-
teristics of radiolabeled fibroblast activation protein
inhibitor multimers in vitro and in vivo, with impli-
cations fordesignofnewFAP-targetedagentsbased
on the polyvalency principle. . . . . . . . .Page 1449

Redmarrowuptake of [177Lu]Lu-DOTATATE:
Hemmingsson and colleagues use SPECT/CT after
the first [177Lu]Lu-DOTATATE treatment cycle in
neuroendocrine neoplasms to identify and quantify
specific red marrow uptake. . . . . . . . . .Page 1456

Data-driven STP dosimetry: Wang and col-
leagues detail patient data–driven regression mod-
els to reduce sensitivity to time-point selection in
dosimetry-guided radiopharmaceutical therapy
and compare these new models with commonly
used single-time-point methods. . . . . . Page 1463

MC 90Y vial activity assessments: Auditore and
colleagues use Monte Carlo simulations to
investigate the causes of observed discrepancies
between PET/CT-measured and vendor-calibrated
activities for 90Y glass and resin microspheres.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Page 1471

Coronary 18F-fluoride uptake:Daghem and col-
leagues characterize the natural history of coronary
18F-fluoride uptake over 12 mo in patients with
advanced chronic coronary artery disease or recent
myocardial infarction. . . . . . . . . . . . . . Page 1478

18F-NaFPET inmurineCAVD:Ahmad and col-
leagues explore the utility of 18F-NaF PET/CT for
tracking murine aortic valve calcification and
examine development of calcification with aging
and its interdependence with bicuspid aortic valve
and aortic stenosis. . . . . . . . . . . . . . . . Page 1487

[18F]SNFT-1 for tau PET imaging: Harada and
colleagues elucidate the binding properties of
this novel tracer with high sensitivity and specific-
ity to tau pathology in Alzheimer disease and
compare it with other reported 18F-labeled tau
tracers.. . . . . . . . . . . . . . . . . . . . . . . .Page 1495

PSMA-negative lesion progression:Murthy and
colleagues present a case study of a patient with
metastatic castration-resistant prostate cancer
treated with 5 cycles of 177Lu-PSMA radioligand
therapy. . . . . . . . . . . . . . . . . . . . . . . . . Page 1502

8A THIS MONTH IN JNM



E D I T O R ' S P A G E

The Future of Nuclear Medicine

David Mankoff

University of Pennsylvania, Philadelphia, Pennsylvania

As I noted in the Wagner Lecture at this year’s Society of
Nuclear Medicine and Molecular Imaging Annual Meeting,
nuclear medicine (NM) is an ever-changing and rapidly advancing
practice in which clinical advances are driven by closely allied
efforts in physics, chemistry, biology, and translational research
relevant to radiopharmaceutical imaging and therapy. This multi-
disciplinary intersection of research and practice drives innovation
in our specialty. These principles were clearly on broad display
at the 2023 Annual Meeting, especially for the combination of
molecular imaging diagnostics and radiopharmaceutical therapy
(i.e., theranostics). The dynamic nature of NM requires frequent
adaptation of our clinical practice and the closely aligned topic of
clinical training. This issue of The Journal of Nuclear Medicine
includes several contributions that offer opinions on how to address
these needs, with an emphasis on the practice of theranostics and on
NM training in the United States.
Leading the way is a thought-provoking editorial by Michael

Graham (1), a former president of the Society of Nuclear Medicine
and Molecular Imaging, and 3 invited perspectives that present alter-
native opinions and additional considerations (2–4). Dr. Graham’s
editorial laments that, in the United States, “We are simply not
producing very many high-quality academic NM physicians.” He
argues that, unlike other countries where NM is a separate and inde-
pendent practice, the United States allows radiologists with limited
training in NM to include NM in their practice. He also raises con-
cerns that, whereas radiologists with specialty NM training are clini-
cally competent and support the practice of NM, they often are not
academically inclined. Dr. Graham suggests steps to address these
concerns by requiring a minimum of a full year of NM specialty
training (versus the current U.S. standard of 4mo) to be certified for
NM clinical practice, adding a year to the current U.S. NM resi-
dency guidelines to be used for research or additional training in
radiopharmaceutical therapy, and a strong informational campaign
to attract to the specialty. Dr. Graham argues that these steps are
critical to the future of NM in the United States and are urgently
needed to avoid having the rest of the NM world “leave us behind.”
The 3 accompanying invited perspectives provide some additional

data and thoughts on the topic. Segall, Watts, and Frey—leaders
in the American Board of Nuclear Medicine (ABNM)—provide
data on NM training and certification (2). They note a decline in
ACGME-certified NM residencies from 61 in 2006 to 36 in 2022
and an increase in the fraction of foreign trainees in U.S. programs
over the same period. Although there has been a relatively stable
number of ABNM-certified physicians since 2015, there was a
decline in NM residency trainees from a total of 166 in 2008 to

a nadir of 74 in 2016 and currently a total of 80. The authors note,
however, that the total NM trainee count does not include an
increasing number of integrated 16-mo nuclear radiology trainees
who are enrolled in diagnostic radiology residency program and go
on to certify in NM through the ABNM. This group of trainees
accounted for 26% of the certifications in 2022. Overall, there has
been an increase in practicing ABNM-certificate holders from an
average of 59% since 2015 to 70% in the last 5 y, with a 5% drop
in NM certification by trainees holding certificates in specialties
other than radiology. The authors were not able to draw conclu-
sions on whether dual radiology–NM training affects whether cer-
tificate holders choose to pursue academics versus private practice,
noting that a “robust” 43% of current ABNM certificate holders
are in self-declared academic practices.
A perspective written by Drs. Grady, Mankoff, and Schuster,

entitled “Stronger Together—Collaboration Will Only Enhance
Patient Care,” offers some opinions and suggestions counter to the
Graham editorial (3). The authors note that advancement of NM
practice has benefited from the multidisciplinary training of NM
physicians and “the breadth of disciplines embraced by the field—
clinical imaging and therapy, molecular biology, physics, chemis-
try, and mathematics.” The authors disagree with Dr. Graham’s
premise that NM needs to be a fully independent specialty to be
able to thrive in the era of molecular imaging and theranostics.
They cite prior examples in which controversy caused by disrup-
tive technology was solved through collaborative development of
rigorous common requirements and approaches to training physi-
cians in the new technology. This was the case for hybrid imaging
training (e.g., PET/CT), which was jointly addressed by bringing
elements of anatomic imaging training (radiology) and molecular
imaging training (NM) together and collaborating to set training
standards. The authors agree with Dr. Graham on the need for
more training in radiopharmaceutical therapy for all NM trainees
and call for requiring similar training for physicians in other spe-
cialties who contribute other relevant skills and who also practice
radiopharmaceutical therapy, such as radiation oncologists. The
authors also provide examples of the contributions that dual train-
ing in NM and radiology have brought to NM research, as well as
important related developments, such as the emergence of formal
radiology physician–scientist training programs in the United
States—programs that are heavily populated by trainees who ulti-
mately specialize in NM. The authors argue that elevating training
requirements for NM imaging and therapy, rather than restricting
practice by legislation, is the best way to ensure the future of the
specialty in the United States.
In a perspective entitled “Redesigned Curricula, Stringent

Licensing Criteria, and Integrated Independence are Conditions
for a Bright Future for Nuclear Medicine in the United States,”
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a different opinion is offered by Drs. Czernin and Calais (4), who
argue that Dr. Graham’s suggestions to save NM in the United
States are “are not sufficiently far-reaching.” The authors propose
a 4-y NM training program that matches the approach used by
many countries outside the United States. For both NM-only and
dual-specialty trainees, they propose 3 y of mandatory training that
includes rotations in relevant specialties that make heavy use of
NM imaging or therapy (e.g., cardiology, oncology, and endocri-
nology) and a focus on research and the rapidly advancing practice
of theranostics. Beyond changes in training, the authors also call
for integrated but independent NM departments with the program-
matic and fiscal autonomy to “foster a sense of ownership that is
among the strongest drivers of progress and success in research
and the clinic.” They emphasize the importance of this approach
in ensuring the continued research that supports the advancement
of NM practice. The authors argue that, although the prevailing
U.S. model of having NM as a subspecialty in radiology depart-
ments ensures desirable collaboration, it is not sufficient to ensure
the future of the specialty. They argue that the “integration of
some aspects of training and practice” with radiology does not pre-
clude the independence of NM as its own autonomous specialty.
Acknowledging that implementation of their proposed approach
will take time and will not address the immediate need for better-
trained NM physicians in the United States, the authors suggest
quickly implementing 1-y fellowships emphasizing therapy to jump-
start the process.
Accompanying this series of editorial contributions is a “Discussions

with Leaders” contribution in which Dr. Czernin discusses the topic
of integrated independence with 3 NM leaders from different types
of practices: the director of an independent private NM practice
and research center (Dr. Delpassand), the chair of a U.S. academic
radiology department (Dr. Rohren), and the chair of an international
independent NM department (Dr. Weber) (5). The discussion ech-
oes the theme of the editorial and perspectives, namely how to
ensure a bright future for NM in the United States, with an empha-
sis on theranostics. The leaders have similar thoughts on the impor-
tance of theranostics. Dr. Delpassand describes how creating a
small and nimble NM-focused practice provides a venue for inno-
vation and the type of research needed to achieve advancements,
and he emphasizes the need for continued development of new
theranostic radiopharmaceuticals and their translation into clinical
practice. Dr. Rohren notes that “we are only scratching the surface
of what can be accomplished with theranostics” and cites the
importance of dosimetry and combination therapy in moving the
field forward. Dr. Weber agrees with Dr. Rohren’s emphasis on
combination therapy and adds the need to better understand and
manage the toxicities of radiopharmaceutical therapy alone and in
combination with other treatments. Dr. Weber describes the high
volume of theranostic procedures in his NM-dedicated department
at the Technical University of Munich, noting some differences in
the mix of procedures compared with the United States. Dr. Weber
notes that there is less emphasis on 18F-FDG PET/CT in Germany
than in the United States, and Dr. Czernin surmises that it might be
the emphasis on reimbursement for 18F-FDG PET/CT in the United
States that has hindered clinical radiopharmaceutical therapy devel-
opment in this country.

On the topic of training and certification, the leaders all agree
on the need to refine and improve training requirements for thera-
nostics to ensure that patients in the United States get optimal
care. The leaders differ somewhat, however, on how to get there.
Dr. Delpassand calls for the revamping of U.S. NM training pro-
grams to meet this need, including a significantly revised NM
training curriculum emphasizing theranostics. Dr. Rohren agrees
with the need for more theranostics-trained physicians but notes
that skills learned in some specialties beyond NM—diagnostic
radiology, radiation oncology, and medical oncology—could all
contribute to supporting the demand for more theranostics-trained
specialists; he suggests using a fellowship-based approach empha-
sizing NM but perhaps open to trainees from other specialties.
Dr. Weber emphasizes the need for better training on how to man-
age cancer patients, including skills in understanding the technol-
ogy, delivering therapy, and collaborating with other specialties,
citing radiation oncology training as an example that encompasses
these skills.
Where do these thoughtful and thought-provoking discussions

leave us? All the contributors agree on the importance of multidis-
ciplinary clinical training and research in advancing NM practice
and on the need for more dedicated theranostics training in the
United States to optimize patient care. They differ, however, in
suggesting how we might achieve these goals—through collabora-
tive multidisciplinary training programs and practice, through
revamping and expansion of dedicated NM training programs, or
through implementation of integrated but fully independent NM
departments using approaches similar to those in many European
countries. Although we in the United States have different opi-
nions on the optimal approach to advance our specialty, I am opti-
mistic that our agreement on the importance of NM as a specialty,
the need for multidisciplinary training, the growing importance of
theranostics, and, most importantly, our desire to deliver the best
possible care to our patients will serve as a basis for charting the
path forward. It is my hope that the range of opinions expressed in
this issue will spark much-needed dialog, which will advance our
specialty in the United States and set an example for practices
around the world.

DISCLOSURE

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

REFERENCES

1. Graham MM The future of nuclear medicine in the United States. J Nucl Med.
2023;64:1352–1353.

2. Segall GM, Watts M, Frey KA. The future of nuclear medicine in the United States.
J Nucl Med. 2023;64:1354–1355.

3. Grady EE, Mankoff DA, Schuster DM. Stronger together—collaboration will only
enhance patient care. J Nucl Med. 2023;64:1356–1358.

4. Czernin J, Calais J. Redesigned curricula, stringent licensing criteria, and integrated
independence are conditions for a bright future for nuclear medicine in the United
States. J Nucl Med. 2023;64:1359–1360.

5. Delpassand ES, Rohren EM,Weber WA, Czernin J. Toward integrated independence:
Johannes Czernin discusses the future of theranostics with Ebrahim Delpassand, Eric
Rohren, and Wolfgang Weber. J Nucl Med. 2023;64:1361–1363.

1330 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 9 & September 2023



C O N T I N U I N G E D U C A T I O N

New Developments in Myeloma Treatment and
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Learning Objectives: On successful completion of this activity, participants should be able to describe (1) important news in multiple myeloma treatment; (2) the
prognostic value of FDG PET/CT in different disease stages; and (3) the added value of non-FDG tracer imaging, radiomics, and whole-body functional MRI.
Financial Disclosure: This work has been supported in part by grants from the French National Agency for Research “France 2030 investment plan” Labex IRON
(ANR-11-LABX-18-01), Equipex ArronaxPlus (ANR-11-EQPX-0004), and I-SITE NExT (ANR-16-IDEX-0007) and by a grant from INCa-DGOS-INSERM_12558
(SIRIC ILIAD). Dr. Moreau has received honoraria from or is on the advisory boards for Janssen, Celgene, Sanofi, Abbvie, Takeda, Amgen, and GSK. Dr. Nanni is a
consultant for Sanofi-Aventis, a case revisor for Keosys, and on the advisory board for the EANM Oncology Theranostic Committee and the AIMN Oncology
Committee. Dr. Kraeber-Bod#er#e is a consultant for PentixaPharm and Novartis-AAA, a case revisor for Keosys, and a member of the EANM Oncology Theranostic
Committee. The authors of this article have indicated no other relevant relationships that could be perceived as a real or apparent conflict of interest.
CME Credit: SNMMI is accredited by the Accreditation Council for Continuing Medical Education (ACCME) to sponsor continuing education for physicians.
SNMMI designates each JNM continuing education article for a maximum of 2.0 AMA PRA Category 1 Credits. Physicians should claim only credit
commensurate with the extent of their participation in the activity. For CE credit, SAM, and other credit types, participants can access this activity through the
SNMMI website (http://www.snmmilearningcenter.org) through September 2026.

Recent innovative strategies have dramatically redefined the therapeu-
tic landscape for treating multiple myeloma patients. In particular, the
development and application of immunotherapy and high-dose ther-
apy have demonstrated high response rates and have prolonged
remission duration. Over the past decade, new morphologic or hybrid
imaging techniques have gradually replaced conventional skeletal sur-
veys. PET/CT using 18F-FDG is a powerful imaging tool for the workup
at diagnosis and for therapeutic evaluation allowing medullary and
extramedullary assessment. The independent negative prognostic
value for progression-free and overall survival derived from baseline
PET-derived parameters such as the presence of extramedullary dis-
ease or paramedullary disease, as well as the number of focal bone
lesions and SUVmax, has been reported in several large prospective
studies. During therapeutic evaluation, 18F-FDG PET/CT is considered
the reference imaging technique because it can be performed much
earlier than MRI, which lacks specificity. Persistence of significant
abnormal 18F-FDG uptake after therapy is an independent negative
prognostic factor, and 18F-FDG PET/CT and medullary flow cytometry
are complementary tools for detecting minimal residual disease before
maintenance therapy. The definition of a PET metabolic complete
response has recently been standardized and the interpretation criteria
harmonized. The development of advanced PET analysis and radio-
mics using machine learning, as well as hybrid imaging with
PET/MRI, offers new perspectives for multiple myeloma imaging.
Most recently, innovative radiopharmaceuticals such as C-X-C che-
mokine receptor type 4–targeted small molecules and anti-CD38

radiolabeled antibodies have shown promising results for tumor phe-
notype imaging and as potential theranostics.

Key Words: multiple myeloma; 18F-FDG PET/CT; MRI; radiomics;
68Ga-pentixafor; therapeutic evaluation
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Multiple myeloma (MM) is a hematologic neoplasm charac-
terized by the clonal proliferation of malignant plasma cells in the
bone marrow. It is almost always preceded by an initial monoclonal
gammopathy of undetermined significance, which then develops into
asymptomatic, or smoldering, MM, which constitutes an intermedi-
ate clinical stage between monoclonal gammopathy of undetermined
significance and MM. The definition of symptomatic MM, a clinical
stage requiring treatment, was traditionally based on the presence of
organ damage related to plasma cell growth as defined by the CRAB
criteria (calcium elevation, renal insufficiency, anemia, and bone
lesions). This definition was revised in 2014 by the International
Myeloma Working Group, integrating new prognostic biomarkers
with the aim of not delaying treatment of high-risk smoldering-
MM–classified patients and avoiding establishment of harmful bone
lesions or renal impairment (1). New biomarkers have therefore been
defined that are associated with an 80% probability of progression
toward positive MM CRAB criteria within 2 y, making it possible to
identify patients requiring therapy; these biomarkers are a clonal
bone marrow plasma cell percentage of at least 60%, an involved or
uninvolved serum free light chain ratio of at least 100, and more
than one bone focal lesion (FL) on MRI assessment.
Given that the presence of even an asymptomatic bone lesion

must be considered a treatment criterion, the role of imaging has

Received Feb. 16, 2023; revision accepted Jul. 6, 2023.
For correspondence or reprints, contact Cristina Nanni (cristina.nanni@

aosp.bo.it).
Published online Aug. 17, 2023.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

NEW DEVELOPMENTS IN MYELOMA & Kraeber-Bod#er#e et al. 1331



increased during the last few decades and modern morphologic or
hybrid imaging techniques have replaced the conventional skeletal
survey (2,3). It is now recommended that whole-body CT be per-
formed as dedicated CT, or as part of PET/CT using 18F-FDG,
when symptomatic MM diagnosis is first diagnosed and there are
one or more osteolytic lesions (defining the “B” of the CRAB cri-
teria) (4,5). Moreover, MRI detects bone abnormalities in more
than 90% of patients presenting with symptomatic MM and
appears to be the best procedure for evaluating painful lesions and
detecting medullary compression (4). However, during the thera-
peutic follow-up, the performance of whole-body CT and MRI is
less satisfactory because of the high frequency of false-positive
images, whereas 18F-FDG PET appears to be more effective (4).
By detecting tumor cells or a tumor environment with high glu-

cose consumption, 18F-FDG PET/CT provides additional prognostic
information. MM diagnosis is associated with variable survival—
short for some patients but over 10y for others (5). These differences
in survival are explained by intra- and intertumoral heterogeneity and
demonstrate the potential benefits of adapting the treatment course
for high-risk patients. The past decade has seen considerable
advances in developing risk classifiers based on cytogenetics and
gene expression profiling (6), but spatial heterogeneity can limit the
sensitivity of these tests because they are based on cells obtained
from a single bone marrow biopsy. Several 18F-FDG PET/CT char-
acteristics could be defined as possible high-risk biomarkers and
could be used to define high-risk patients at the initial diagnosis of
symptomatic MM (7). 18F-FDG PET/CT is equally beneficial for
patients with solitary plasmacytoma to detect medullary and extrame-
dullary lesions (8,9) and has a prognostic value for patients with
smoldering MM (10,11).
Other radiopharmaceuticals targeting alternative MM biomarkers

have also shown promising results. These include radiolabeled cho-
line, 68Ga-pentixafor targeting C-X-C chemokine receptor type 4
(CXCR4), and immuno-PET using radiolabeled monoclonal antibo-
dies as a companion to antibody-based therapies (12). Advanced
PET analysis and radiomics using machine learning and PET/MRI
also appear to be promising new approaches. The goal of this review
is to present new developments in MM treatment and response
assessment, with a specific focus on nuclear medicine techniques.

NEW THERAPEUTIC DEVELOPMENT

The treatment of MM has changed dramatically in the past
decade with the incorporation of novel agents into therapeutic
strategies. These new drugs, in various combinations, have been
added to national and international clinical guidelines and have
transformed our approach to the treatment of patients with MM,
resulting in a significant improvement in overall survival (13,14).
With the availability of many different classes of approved

agents, including alkylators, steroids, proteasome inhibitors, immu-
nomodulatory agents, histone deacetylase inhibitors, monoclonal
antibodies, and selective inhibitors of nuclear export that can be
combined in double, triple, or even quadruple regimens and can be
used together with or without high-dose therapy and autologous
stem cell transplantation (ASCT), or in some cases as continuous
treatment, the choice of the optimal strategy at diagnosis and at
relapse represents a challenge for physicians (15). Moreover, con-
temporary next-generation immunotherapies including antibody–
drug conjugates, CAR T cells, and bispecific antibodies have been
approved for patients failing proteasome inhibitors, immunomodu-
latory agents, and CD38 monoclonal antibodies (16,17).

Frontline Therapy
For fit patients up to the age of 70y without comorbidities, induc-

tion followed by ASCT is the recommended treatment because of an
improved progression-free survival (PFS) (13,14,18–21). Recently,
monoclonal antibodies have been introduced in the frontline setting
(22,23) as the quadruplet bortezomib, thalidomide, dexamethasone,
and daratumumab (now approved by the U.S. Food and Drug
Administration and the European Medicines Agency) and the qua-
druplet bortezomib, lenalidomide, dexamethasone, and isatuximab,
both of which improve the rate of minimal residual disease (MRD)
negativity (24). Quadruplet combinations before ASCT are now
becoming a new standard of care. For all patients after ASCT, main-
tenance with lenalidomide is also considered the standard of care
(25). The optimal duration of lenalidomide maintenance, approved
until progression, is a matter of debate, and recent data indicate that
this therapy should be proposed for at least 3 y according to tolerabil-
ity (21,26,27).
For transplant-ineligible patients, outstanding outcomes have

been reported when daratumumab was combined with lenalidomide
and dexamethasone (28,29). This regimen is the most effective one
and is approved by the U.S. Food and Drug Administration and the
European Medicines Agency. Other regimens can be used as front-
line therapy for transplant-ineligible patients, such as a combination
of bortezomib, lenalidomide, and dexamethasone followed by lena-
lidomide and dexamethasone alone until progression (30,31). The
quadruplet combination daratumumab plus bortezomib, melphalan,
and prednisone is also approved and is associated with both PFS
and overall survival benefits versus bortezomib, melphalan, and
prednisone alone (32,33). Bortezomib, melphalan, and prednisone
alone or lenalidomide and dexamethasone alone may be considered
for patients who cannot receive the fuller regimens because of
frailty (34).

Treatment of Patients with Relapsed or Refractory MM
Disease Who Have Received One Prior Line of Therapy
Overall, the most important question in most cases is whether a

patient is refractory to lenalidomide. A second scenario, which will
become increasingly important, is whether the patient is progressing
on frontline therapies that include daratumumab (15,35–38). For a
patient progressing on lenalidomide as part of frontline therapy, one
reasonable approach is a switch in the class of agent from an immu-
nomodulatory agent to a proteasome inhibitor. The combination of
carfilzomib–dexamethasone plus anti-CD38 antibodies has recently
been evaluated (39,40), with a significant improvement in PFS. On
the basis of PFS data and hazard ratios, daratumumab–carfilzomib–
dexamethasone and isatuximab–carfilzomib–dexamethasone, which
are approved, are considered important options for the first relapse in
patients with lenalidomide-refractory disease (13,15). The third best
option for lenalidomide-refractory patients is the combination of
pomalidomide, bortezomib, and dexamethasone (41). A significant
improvement in PFS was observed with pomalidomide, bortezomib,
and dexamethasone, but particularly interesting were the results in
patients who had received a single previous line of treatment and
were refractory to lenalidomide (42).
The most effective combination available to date in the setting

of a first relapse nonrefractory to lenalidomide is daratumumab
combined with lenalidomide and dexamethasone (38,43), leading
to a prolonged PFS and overall survival (45.8 and 67.6mo, respec-
tively). Several second options for first-relapse patients with dis-
ease not refractory to lenalidomide could be proposed according to
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international guidelines, such as carfilzomib–dexamethasone or
daratumumab plus carfilzomib–dexamethasone (13,15).

Treatment of Patients with Relapsed or Refractory MM Who
Have Received Two or More Prior Lines of Therapy
The treatment of patients who have received two or more prior

lines of therapy is becoming particularly challenging. Lenalidomide
and bortezomib are commonly used as part of frontline therapy or
at the first relapse. Monoclonal antibodies and carfilzomib are also
being increasingly used during the first 2 lines of treatment. There-
fore, at the time of the second relapse, all the agents considered
previously for the first relapse, but not used, can be considered
(13,15,44). Some combinations approved by the U.S. Food and
Drug Administration and the European Medicines Agency in this
setting are isatuximab plus pomalidomide–dexamethasone (45) and
daratumumab plus pomalidomide–dexamethasone

Treatment of Triple-Class–Refractory Patients
For patients whose disease has become refractory to proteasome

inhibitors, immunomodulatory agents, and anti-CD38 antibodies,
the outcome is poor. Recent studies revealed that these patients
have a median overall survival ranging from 6 to 12mo (46,47).
Selinexor has been evaluated in combination with dexamethasone
(48) and has led to a partial response or better in 26% of patients.
Consequently, in July 2019, the U.S. Food and Drug Administra-
tion granted accelerated approval to selinexor for the treatment of
this subgroup of patients.
B-cell maturation antigen promotes MM pathogenesis in the

bone marrow microenvironment and is a specific MM target anti-
gen. Belantamab mafodotin is an anti–B-cell maturation antigen
antibody–drug conjugate auristatin immunotoxin (49) that has
achieved an overall response rate of approximately 30%–35%.
Belantamab mafodotin has recently been approved by the U.S.
Food and Drug Administration and the European Medicines
Agency as a monotherapy for patients with relapsed or refractory
MM who have received at least 4 prior therapies including an anti-
CD38 monoclonal antibody, a proteasome inhibitor, and an immu-
nomodulatory agent.
B-cell maturation antigen is also the target for 2 CAR T-cell

constructs—idecabtagene vicleucel and ciltacabtagene autoleu-
cel—that were approved in 2021 and 2022, respectively (50).
These are associated with a median PFS of 8.6mo and a median
overall survival of 24.8mo. Ciltacabtagene autoleucel has also
been evaluated (51), with an overall response rate of 97.9% and
27-mo PFS and overall survival rates of 54.9% and 70.4%, respec-
tively (52). Although the results of CAR T-cell therapies are out-
standing, one important challenge is the expensive and lengthy
(6–8 wk) individualized manufacturing process, which might not
be feasible for patients with aggressive disease. In 2023, the access
to CAR T-cell therapy remains limited. On the other hand, other
immunotherapy modalities using bispecific antibodies are readily
available as off-the-shelf products (16). Ongoing phase I/II clinical
trials using different constructs of bispecific antibodies, with dif-
ferent targets on myeloma cells, are showing a favorable safety
profile and high response rates in heavily pretreated patients.
B-cell maturation antigen is currently the major target for bispeci-
fic antibodies, with at least 8 different compounds in preclinical or
clinical development to date (53–55).
Overall, the most promising developments for triple-class–

refractory patients include novel immunotherapeutic approaches,
CAR T-cell therapy, and bispecific antibodies. Choosing between

the 2 modalities will depend on a variety of practical considera-
tions: efficacy, disease status, age, comorbidities, product avail-
ability, and distance from a treatment center. Moreover, early data
suggest that these agents can be used sequentially and that the
optimal sequencing could be CAR T cells before bispecific antibo-
dies (56). Finally, CAR T cells and bispecific antibodies might be
easily used as earlier lines of treatment to increase efficacy, and
ongoing trials are already comparing these agents versus the stan-
dard of care in patients with 1–3 prior lines of therapy.

EVALUATION OF THERAPY EFFICACY: MRD AND
MODERN IMAGING

New treatment options have improved responses up to the mini-
mum detectable level (57). Serum marker assessment and bone
marrow examinations classify responders into subcategories of
complete response, near-complete response, very good partial
response, or partial response. However, despite an initial good clin-
ical response, most patients relapse because of persistent disease
that somehow cannot be intercepted with the standard methods.
Detection of MRD with sophisticated standardized methods at

the bone marrow level, such as next-generation multiparametric
flow cytometry or next-generation sequencing, with sensitivity
thresholds of up to 1025–1026, have become over time the most
important predictors of long-term outcomes and survival. They are
reliable and early biomarkers of treatment effectiveness and are
currently extensively applied in prospective clinical trials, some-
times as early clinical endpoints (58). A large number of studies
have consistently shown that among patients achieving a complete
response, those with detectable MRD have an inferior PFS and
overall survival compared with those with undetectable MRD,
regardless of the presence of high-risk disease features (59–61).
For this reason, the latest 2016 International Myeloma Working
Group consensus has introduced new response criteria, with the
addition of MRD in disease assessment (62).
MRD is usually assessed in the bone marrow by means of cellular

(multiparametric flow cytometry) or molecular (next-generation
sequencing) methods. However, bone marrow plasma cell infiltration
is often patchy, thus increasing the likelihood of a false-negative
assessment by techniques that rely on a bone marrow specimen, by
nature limited to a small area of the body. In addition, bone marrow
evaluation does not allow one to identify extramedullary escape as a
sign of metastatic spreading of the disease (63). This phenomenon is
increasingly being found, as a result of prolonged survival and wide-
spread use of functional imaging techniques, and is associated with a
dismal clinical outcome, even in the novel agent era. Nonetheless,
bone marrow MRD might lead to false-negative results. Despite a
low rate of recurrence, MRD-negative patients can still relapse (64).
Besides the patchy infiltration of bone marrow plasma cells and the
presence of extramedullary disease, recent prospective studies seri-
ally monitoring patients with functional imaging and FL biopsies
demonstrated that MM entails spatial heterogeneity, with possible
coexistence of different disease clones, or displaying different geno-
mic profiles in the bone marrow and in FLs (6,65). The higher the
FL size, the greater the heterogeneity (65).
For a long time, imaging in myeloma has been limited to assess-

ment of bone disease at staging or restaging and has been based
on the use of a skeletal survey. This tool is useless when evaluat-
ing response to therapy, because of the low sensitivity of the tech-
nique for the limited bone healing and for soft tissues and masses.
Here, functional rather than morphologic whole-body imaging
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techniques, such as PET/CT and MRI, which provide a compre-
hensive overview of the tumor burden beyond osteolytic lesions
and in addition show further prognostic markers such as extrame-
dullary disease, are the favorite tools (66). Whole-body imaging
provides important complementary information about residual dis-
ease after therapy and about early relapse. Extramedullary disease
sites of clonal proliferating plasma cells in the context of bone
marrow MRD negativity are more frequent in patients with extra-
medullary disease at diagnosis (5%–10%) or with paramedullary
plasmacytomas and during the relapse phases of the disease (66).
For all these reasons, the International Myeloma Working Group

supports the need to assess the whole extramedullary compartment
through functional imaging and bone marrow using modern biologic
diagnostic tools to ensure complete tumor eradication. Although
bone marrow and imaging–MRD prognostic value has been assessed,
their use for clinical decision-making remains unclear. Recently, a
report suggested that bone marrow MRD–based decisions during
maintenance therapy could be beneficial (67), and several random-
ized trials are currently testing MRD maintenance strategies (68).
Fewer trials are adopting an imaging–MRD adapted approach. A
panel of experts published recommendations aiming to improve
MRD research quality worldwide and to standardize reports (69).

18F-FDG PET/CT BEFORE THERAPY: DETECTION OF DISEASE
AND PROGNOSTIC VALUE

18F-FDG PET/CT Abnormalities and Accuracy in Symptomatic
MM Patients

18F-FDG PET/CT has a global sensitivity of 90% for the detec-
tion of medullary disease, with a specificity varying from 70% to
100% according to several studies (70–72). Medullary abnormali-
ties detected by PET/CT are FLs (Fig. 1), paramedullary disease
(Fig. 2), and diffuse bone marrow involvement (Fig. 3) with vari-
able glucose uptake, resulting in a variable SUVmax (4,70–75).
18F-FDG PET/CT also allows the detection of extramedullary dis-
ease (Fig. 4) in less than 10% of patients at initial diagnosis (76).
Table 1 summarizes the elements that should be specified in 18F-
FDG PET/CT reporting. The IMPETUS criteria have been pro-
posed to standardize the interpretation and improve interobserver
reproducibility, using a visual scale (Deauville 5-level scale) in the
description of the number of FLs, extramedullary disease, and dif-
fuse bone marrow involvement (77).

In symptomatic MM, the sensitivity of
18F-FDG PET/CT to detect FL is greater than
that of the conventional skeletal survey and
comparable to or less than that of pelvic–sp-
inal MRI (70,75,78–81). In the first small
series of patients comparing 18F-FDG
PET/CT and MRI, the sensitivity of 18F-FDG
PET/CT was less than that of pelvic–spinal
MRI for diffuse medullary involvement but
allowed detection of additional FLs, espe-

cially outside the field of the MRI view (79). The French prospective
IMAJEM study compared conventional pelvic–spinal MRI and
18F-FDG PET/CT at initial diagnosis and after therapy (76). In this
cohort of 134 symptomatic newly diagnosed MM patients, pel-
vic–spinal MRI was positive in 94.7% of cases and 18F-FDG
PET/CT in 91% of cases, revealing an equivalent detection sensitiv-
ity. Whole-body diffusion-weighted MRI, however, increases the
sensitivity of MRI for FL detection, which seemed to be higher than
that of 18F-FDG PET/CT in recent comparative (82) and simulta-
neous PET/MRI (83) studies.
Of patients with newly diagnosed MM, 10%–20% were 18F-FDG–

negative, this phenomenon being associated with low expression of
hexokinase-2 (84–86). These patients, however, have a better progno-
sis than those who have abnormal 18F-FDG uptake (86,87) but are
not monitored after therapy by 18F-FDG PET/CT imaging. 18F-FDG
PET/CT also demonstrated benefit for patients with solitary plasma-
cytoma, allowing detection of additional lesions with better sensitiv-
ity and specificity than conventional MRI (8). In addition, the
detection of at least 2 hypermetabolic FLs by 18F-FDG PET/CT was
reported as predictive of rapid progression of solitary plasmacytoma
to symptomatic MM (9).

Prognostic Value of 18F-FDG PET/CT in Baseline Evaluation of
Symptomatic MM
All large, independent prospective studies conducted since 2009

have shown an independent negative prognostic impact of baseline
PET-derived parameters on PFS and overall survival (88). Accord-
ingly, a consensus statement by the International Myeloma Work-
ing Group (4) indicates that 18F-FDG PET/CT performed at the
onset of MM is a reliable tool for prediction of prognosis. The pres-
ence of more than 3 FLs and a FL SUVmax of more than 4.2 have
been initially suggested (89,90) as stronger negative prognostic bio-
markers. Since then, different prospective studies have shown that
18F-FDG PET/CT normality at baseline was a protective prognostic
factor (84–87). Among newly diagnosed MM patients with positive
18F-FDG PET/CT results, those with extramedullary disease or
paramedullary disease seem to have the worst prognosis according to
large prospective comparisons (76,86,90). A recent study combined
transcriptomic analyses using RNA sequencing with prognostic 18F-
FDG PET/CT biomarkers in 139 newly diagnosed MM patients
included in the large prospective CASSIOPET study (85). The study
confirmed that negative 18F-FDG PET/CT results were associated

with lower expression of hexokinase-2 but
also enriched for the low–bone-disease sub-
group of patients. Moreover, positive 18F-
FDG PET/CT profiles displayed 2 distinct
signatures: high expression of proliferation
genes and high expression of GLUT5 and
lymphocyte antigens. Paramedullary disease
and the IFM15 high-risk gene expression
signature were independently associated with

FIGURE 1. Axial PET (left), CT (middle), and PET/CT (right) images of focal osteolytic lesion with
high 18F-FDG avidity in sternal manubrium.

FIGURE 2. Axial PET (left), CT (middle), and PET/CT (right) images of osteolytic lesion with soft-
tissue extension defining paramedullary disease in right iliac wing.
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a lower PFS, and the presence
of both biomarkers defined
a group of double-positive
patients at a high risk of
progression.
There may be scanner-

specific variability in the mea-
surement of SUVmax, since it is
higher in reconstructions with a
lower Q.Clear (GE Healthcare)
cutoff and more subsets in iter-
ative reconstruction. To reduce
this phenomenon, it is sug-
gested that the standard itera-
tive reconstruction algorithm
commonly used in clinical set-
tings (2–5 iterations with 8–28
subsets) be applied for stan-
dardizing SUV measurement.

Nevertheless, none of the
studies that focused on the
prognostic value of PET-
derived features at baseline
considered tumor heterogene-
ity, which could be of signi-
ficant importance in MM.
Recently, 2 prospective inde-
pendent European randomized
phase III trials (90,91) evalu-
ated the prognostic value of
baseline PET-derived features
(including metabolic tumor

volumes and textural features) using an innovative statistical random-
survival-forest approach. These showed bone SUVmax as the worst
negative prognostic biomarker before textural features. Volume-
derived metabolic parameters such as metabolic tumor volume, total
lesion glycolysis, total metabolic tumor volume, and whole-body total
lesion glycolysis had less prognostic importance than others in this
cohort—a finding that is discordant with previous results published by
different groups. In a large cohort of patients enrolled in Total Therapy
3A, the team at Little Rock showed that whole-body total lesion gly-
colysis of more than 620g and total metabolic tumor volume of more
than 210 cm3 at baseline were independent prognostic factors for PFS
and overall survival (92), but the segmentation method of bone disease
used in this study is questionable. Another team’s (93) retrospective
study including 185 patients with newly diagnosed MM showed that
high baseline total metabolic tumor volume (.56 cm3) and whole-
body total lesion glycolysis (.166g) values independently predicted
both worse PFS and worse overall survival, but the patients’ age
was not homogeneous. Further investigations exploring the potential

prognostic value of textural features in MM using artificial intelligen-
ce–based statistical approaches need to be performed.

Prognostic Value of 18F-FDG PET/CT in Smoldering MM and
Monoclonal Gammopathy of Undetermined Significance

18F-FDG PET/CT imaging has also proven useful in the setting
of smoldering MM, showing prognostic value even though the
latest update of the diagnostic criteria of the MM International
Myeloma Working Group (1) indicate that, to consider an FL on
18F-FDG PET/CT as a criterion for starting therapy, osteolysis on
CT is mandatory. In a first cohort of 122 smoldering-MM patients
assessed by 18F-FDG PET/CT, the probability of progression to
symptomatic MM without therapy within 2 y for patients with pos-
itive 18F-FDG PET/CT results (with or without osteolysis) was
75%, versus 30% for patients with negative PET results (10).
Another prospective study of 120 patients (11) showed a similar
rate of progression of smoldering MM to symptomatic MM at 2 y
for 58% of patients with positive PET results (all without evidence
of underlying osteolysis), versus 33% for patients with negative
PET results. These 18F-FDG PET/CT results were published after
the latest update of the International Myeloma Working Group’s
MM definitions (1) and thus are not yet considered as a myeloma-
defining event leading to the recommendation to treat these
patients. Whole-body MRI is therefore the preferred imaging
modality for workup of smoldering MM as recommended by the
International Myeloma Working Group (94).
According to updated data on the Southeastern Minnesota cohort

(with a long-term follow-up), there are adverse risk factors for pro-
gression of monoclonal gammopathy of undetermined significance
to active MM, including an M-protein of 15 g/L or more and an
abnormal free light chain ratio in patients with non-IgM monoclo-
nal gammopathy of undetermined significance. Patients with 2 risk
factors showed a significantly higher progression rate to MM (30%
over 20 y) than did patients with no risk factors (7%) or 1 risk fac-
tor (20%) (95). Therefore, there is probably a need to image
patients with a high risk for progression of monoclonal gammopa-
thy of undetermined significance, but to date, prospective data con-
cerning the diagnostic performance of modern functional imaging
in this setting are lacking, and more specifically, there are no pub-
lished data about the potential role of 18F-FDG PET/CT.

Prognostic Value of 18F-FDG PET/CT in Patients with Relapsed
or Refractory MM

18F-FDG PET/CT imaging is a reliable tool to detect symptom-
atic or paucisymptomatic bone or extramedullary MM relapse. 18F-
FDG PET/CT discerns active from nonactive osteolytic lesions,
and the targets’ SUVs are usually much higher in relapsed or
refractory MM than in newly diagnosed MM. The prognostic value
of 18F-FDG PET/CT–derived biomarkers has been highlighted sev-
eral times. An absence of 18F-FDG–avid foci was a prognostic fac-

tor associated with a longer time to relapse
and overall survival (96). The presence of
more than 10 FLs also correlated with a
shorter time to relapse and survival in this
study. Another study reported that the pres-
ence of at least 6 FLs in the peripheral
skeleton was an independent negative
prognostic factor for both PFS and overall
survival (97). Moreover, a high SUVmax

(.15.9) was an independent negative prog-
nostic factor for PFS, as was a high total

FIGURE 3. 18F-FDG PET maximum-
intensity projection showing diffuse
bonemarrow involvement.

FIGURE 4. Axial PET (left), CT (middle), and PET/CT (right) images of right iliac lymph nodes with
high 18F-FDG avidity. Biopsy favored extramedullary disease.
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lesion glycolysis for the hottest lesion (.98.1). More recently, a
study evaluated the predictive value of 18F-FDG PET/CT parameters
for relapsed or refractory MM before initiating anti-CD38 treatment.
The presence of more than 3 FLs and the Multiple Myeloma Inter-
national Staging System score were independently associated with
inferior PFS and overall survival, allowing the identification of a
population with an ultrahigh risk of relapsed or refractory MM (98).

POTENTIAL OF 18F-FDG PET/CT FOR THERAPY ASSESSMENT
AND MRD DETECTION

The ability to distinguish between metabolically active and
inactive sites of MM makes 18F-FDG PET/CT an excellent tool to
evaluate and monitor early and end-of-treatment response (99).
Compared with morphologic classic T1- and T2-weighted MRI
sequences, 18F-FDG PET/CT shows fewer false-positive images
of persistent nonviable lesions and allows earlier and better detec-
tion of responders and prediction of outcome (2,4,66,76).
A complete normalization of 18F-FDG PET/CT findings after

induction therapy, mainly at the premaintenance stage, is a power-
ful positive prognostic factor for PFS and overall survival in all
large prospective studies conducted since 2009 (irrespective of the
normalization used) (76,90,100–102), even in patients undergoing
allogenic stem cell transplantation (103). This capacity to accu-
rately demonstrate therapy response is particularly relevant in
patients with nonsecretory MM, for whom the clinical assessment
cannot be achieved through biochemical methods. For newly diag-
nosed MM patients with FL, treatment until complete PET nor-
malization is an important therapeutic goal because their prognosis
is comparable to PET-negative patients at diagnosis (104). Failure
to reach complete negativity was seen for 46.4% of patients at day
7, 23.6% at the end of induction, 11.4% after transplantation, and
7.3% at premaintenance and was associated with a worse outcome.
Furthermore, despite morphologic lesion stability, changes in
lesion metabolism have been shown to relate to therapy efficacy,
to occur in a relatively short time, and to have prognostic meaning
(as early as 7 d from the start of treatment) (100,104). Bailly et al.
showed that for patients with 18F-FDG–avid MM included in the
prospective IMAJEM study after 3 cycles of RVD, the change in
SUVmax (cutoff of 25%) appeared to be an independent prognostic
factor for PFS, allowing identification of a patient subgroup with
an improved median PFS (22.6mo and not reached, respectively)
(105). Zamagni et al. (90), in a cohort of 192 newly diagnosed
MM patients after induction therapy and double ASCT, showed
that persistence of residual 18F-FDG–avid FLs after induction

therapy—defined as an SUVmax higher than 4.2—was an early pre-
dictor of shorter PFS. These findings have been confirmed in a
larger patient cohort (101). Similar results were recently published
in the posttransplantation setting. Kaddoura et al. showed signifi-
cantly increased survival for patients reaching an 18F-FDG PET/CT
complete response at approximately day 100 after ASCT (106). On
the basis of these findings, the International Myeloma Working
Group considers 18F-FDG PET/CT to be the standard imaging tech-
nique to monitor response to therapy in patients with MM (94), and
18F-FDG PET/CT has been listed as such in the MRD evaluation
criteria (62).

Furthermore, the 18F-FDG PET/CT interpretation criteria after
therapy (at premaintenance) have recently been standardized using
the Deauville score (as for lymphomas) in a joint analysis of 2
prospective independent European randomized phase III trials
(107). Complete metabolic response has been defined as residual
uptake not exceeding the liver background activity (Deauville
score, 1–3) in all initially involved bone marrow, FL, paramedul-
lary disease, and extramedullary disease sites (Table 2).
Double negativity (18F-FDG PET/CT and multiparametric flow

cytometry or next-generation sequencing in bone marrow) is a pre-
dictive surrogate for patient outcome (76,108,109). Rasche et al.
showed, in a large cohort, that 12% of patients found to be MRD-
negative after induction therapy still had positive FLs on 18F-FDG
PET/CT analysis (110). Recently, a study by B€ockle et al. included
102 patients with newly diagnosed MM (n 5 57) and relapsed or
refractory MM (n 5 45), who achieved a good partial response, a
complete response, or a stringent complete response by Interna-
tional Myeloma Working Group 2016 criteria (111). Functional
imaging (18F-FDG PET/CT or diffusion-weighted MRI) was
performed independently of bone marrow MRD results. Double-
negativity rates were similar between patients with newly diag-
nosed MM and patients with relapsed or refractory MM, yet in the
relapse setting a trend to more imaging-only positive patients was
observed. Patients not achieving an optimal serologic response or
MRD negativity by bone marrow and imaging were offered an
individual consolidation approach: 72% of them showed a subse-
quent MRD conversion (51%) or deepening of serologic response
levels (21%). MRD-triggered consolidation resulted in a superior
PFS and overall survival comparable to a group of deep responders
who achieved double-negative results after standard treatment
without consolidation. In this patient population, the addition of
functional imaging to bone marrow MRD assessment was helpful
to tailor treatment and change prognosis.

TABLE 1
Elements to Be Specified in 18F-FDG PET/CT MM Reporting

Lesion Definition

FL Foci of uptake above surrounding background noise on 2 successive sections with
or without osteolysis on computed image, excluding benign etiologies

Extramedullary disease Tissue invasion without contiguous bone involvement

Paramedullary disease Soft-tissue invasion with contiguous bone involvement

Diffuse medullary involvement Homogeneous or heterogeneous diffuse uptake of pelvic-spinal-peripheral skeleton
higher than liver background

FL SUVmax SUVmax of bone FLs
18F-FDG PET/CT abnormality Presence of FLs, extramedullary disease lesions, paramedullary disease lesions, or

diffuse medullary involvement
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Collectively, these results suggest that double negativity should
be considered a surrogate for outcome prediction (up to deescala-
tion strategies). However, even if a good prognostic value is dem-
onstrated for double negativity, it is still unclear how to achieve
this in patients who failed to achieve MRD negativity during stan-
dard treatment (67). Patients with double positivity or discordant
results between the 2 methods (PET-positive/MRD-negative, PET-
negative/MRD-positive) could represent better-stratified prognos-
tic classes and undergo escalation or treatment modification.
Finally, bispecific antibodies represent a promising and effective
therapeutic approach in MM and have been recently approved by
the European Medicines Agency in the relapse setting (53). Never-
theless, response monitoring using 18F-FDG PET/CT imaging has
been shown to be challenging with therapeutic approaches involv-
ing cancer cell–T-cell interactions (i.e., CAR T cells, checkpoint
inhibitor), and an 18F-FDG PET/CT early flare-up phenomenon
could occur in MM patients receiving T-cell–engaging bispecific
antibodies (112).

PERSPECTIVES

Non–18F-FDG Tracers
Many metabolic or tumor phenotype tracers have been investigated

for PET imaging in MM. One of the first non–18F-FDG tracers used
in this setting was 11C-methionine. 11C-methionine cellular uptake
resembles the synthetic protein turnover by malignant cells. One
advantage is that its bone marrow uptake is not influenced by anemia
or systemic inflammation as for 18F-FDG. A prospective study of 78
patients demonstrated higher sensitivity for 11C-methionine PET/CT
than for standard 18F-FDG PET/CT to detect intra- and extramedul-
lary MM lesions, including histologic evidence of 18F-FDG–negative,
viable disease detectable exclusively by 11C-methionine PET/CT
(113). Similar results were recently published by Morales-Lozano et al.
(114) in another prospective study (n 5 52). 18F-FDG PET/CT did
not detect active disease in 6 patients, whereas they were shown to
be positive by 11C-methionine PET/CT. Additionally, 11C-methionine
PET/CT identified a higher number of FLs than did 18F-FDG in more
than half the patients (63%). The study also showed the prognostic
value of total metabolic tumor volume and total lesion 11C-methio-
nine uptake in the relapsed MM patients. Furthermore, total meta-
bolic tumor volume p50 (median) and p75 (75th percentile) and total
lesion 11C-methionine uptake p50 and p75 adversely impacted PFS.
Choline (either carbon- or fluorine-radiolabeled) has also been pro-

posed as a non–18F-FDG tracer. At staging, this tracer has a higher
positivity rate than 18F-FDG (115). In relapsing MM patients,
18F-fluorocholine PET/CT found higher numbers of lesions than
18F-FDG PET/CT (116). Compared with 18F-FDG, choline tracers
can detect higher numbers of skull lesions (117). Finally, choline

PET/CT was also compared with 11C-methionine PET/CT, with a
higher detection rate for 11C-methionine PET/CT in approximately
40% of patients (118).

11C-acetate can rapidly be taken up by cells and metabolized to
acetyl coenzyme A, a carbon source for fatty acid synthesis. In a
group of heterogeneous MM patients, 11C-acetate PET/CT demon-
strated better overall sensitivity and specificity than 18F-FDG
PET/CT (119). Similar results were obtained by Lin et al., also
demonstrating a positive treatment response in cases of a signifi-
cant decrease in SUVmax (120). Recently, in a prospective single-
center study (64 patients), Chen et al. (121) compared 11C-acetate
PET/CT and 18F-FDG PET/CT in newly diagnosed MM. Skull
deformation and lesions were more easily detected by 11C-acetate
PET/CT. In addition, 18F-FDG PET/CT demonstrated a higher
rate of false-positives on fractures. The presence of diffuse bone
marrow uptake, more than 10 FLs, and an SUVmax of more than
6.0 for FLs by 11C-acetate PET/CT predicted a higher probability
of disease progression and shorter PFS. Other tracers, such as 18F-
sodium fluoride, 18F-fluciclovine, 18F-fluoroethyltyrosine, and 18F-
fluorothymidine, have also been proposed; however, these are very
preliminary studies (122–126). Another promising tracer is the
ligand of prostate-specific membrane antigen, a characteristic bio-
marker for prostate cancer cells and with increased expression in the
tumor vasculature. A case report indicated that 68Ga-prostate-specific
membrane antigen–targeted ligand PET imaging can be used to visu-
alize multiple lytic bone lesions throughout the spine, but the defini-
tive application in MM is still unclear (127,128).
Fibroblast activation protein inhibitor PET/CT was reported to

have a high specificity and affinity for targeting fibroblast activa-
tion protein. Considering the optimal biodistribution with no bone
marrow uptake, this probe could be useful as a complementary
imaging method to 18F-FDG PET/CT in some settings, especially
in low 18F-FDG affinity and inconclusive cases (129). However, in
a recent study, PET/CT with this inhibitor showed a lower activity
and detection rate for MM and lymphoma than did 18F-FDG
PET/CT (130). Finally, immuno-PET imaging with radiolabeled
monoclonal antibodies or antibody fragments has potential for
MRD assessment and optimization of personalized therapy. 64Cu-
DOTA- or 89Zr-desferrioxamine-daratumumab might be useful
(131,132), as well as anti-CD138 targeted imaging (133,134). Anti-
CD38 immuno-PET could be used to identify MM patients who
would benefit from daratumumab and thus predict the effectiveness
of treatment. Further validation of all these agents in larger patient
cohorts and clinical trials is important.

68Ga-pentixafor targeting CXCR4 has also been evaluated in
MM patients. CXCR4 expression frequently occurs in advanced
MM and probably represents a negative prognostic factor (135,136).

TABLE 2
Interpretation Criteria for 18F-FDG PET/CT in MM Response to Therapy Assessment

Status Definition

Complete metabolic response Uptake # liver activity in bone marrow sites and FLs previously involved
(including extramedullary and paramedullary disease [Deauville score, 1–3])

Partial metabolic response Decrease in number or activity of bone marrow sites/FLs present at baseline but
persistence of lesions with uptake . liver activity (Deauville score, 4 or 5)

Stable metabolic disease No significant change in bone marrow sites/FLs compared with baseline

Progressive metabolic disease New FLs compared with baseline consistent with myeloma
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This tracer could be relevant for prognostic imaging or a theranostic
approach before radioligand therapy using pentixather targeting
CXCR4 labeled both with 90Y and with 177Lu. Indeed, 68Ga-pentixa-
for seemed to be a prognostic stratifier in terms of overall survival in
a population of 35 patients affected by relapsed or refractory MM
(135). The prognostic characteristics turned out to be positivity ver-
sus negativity of the scan, presence of 68Ga-pentixafor–positive
extramedullary disease, and positive appendicular bone marrow.
Nevertheless, in this population 18F-FDG PET/CT was able to detect
significantly more localizations than 68Ga-pentixafor. Another study,
conducted on 34 MM patients at diagnosis, found that the target-to-
background ratio of 68Ga-pentixafor was higher in 27 of the included
patients, and the bone stage of the disease increased from I to II in 1
patient, I to III in 5 patients, and II to III in 3 patients as compared
with 18F-FDG PET/CT (137). In only one patient did 68Ga-pentixa-
for detect fewer FLs than 18F-FDG PET/CT. The excellent target-
to-background ratio of 68Ga-pentixafor imaging (compared with
18F-FDG PET/CT) in patients with CXCR4 overexpression has been
confirmed in the preliminary results of another ongoing prospective
study (138). Although very preliminary, these studies are fundamen-
tal to correctly guide future CXCR4-targeted theranostic trials. A pre-
liminary study using pentixather labeled with both 90Y and 177Lu has
also been reported (139). Three patients in a late stage of disease
were treated in the context of compassionate use, and one of them
achieved a complete response at both skeletal and extraskeletal loca-
lizations, making this compound interesting for future applications.
Finally, although unpublished, compounds based on fibroblast activa-
tion protein inhibitor and prostate-specific membrane antigen also
warrant attention as potential theranostics in the near future.

Radiomics and Machine Learning
Tumor heterogeneity, as described at the cellular level, could

probably be partly captured through medical image analysis, espe-
cially using PET-based images. This type of image analysis, often
referred to as radiomics, has gained significant interest in the past
few years, with several studies underscoring the potential of tex-
tural features. The high number of features extracted from a radio-
mics approach advocates the use of adapted statistical analysis
given the highly dimensional nature of the problem and the associ-
ated risk of overfitting with low-complexity models (91). In this
respect, a random-survival-forest approach outperformed more
conventional approaches for prognosis purposes (140).
The potential prognostic value of 18F-FDG PET–derived radio-

mics at baseline in newly diagnosed MM was explored for the first
time recently in a combined analysis of 2 independent prospective
European phase III trials using a random-survival-forest approach
(91). Among all image features and clinical and histopathologic
parameters collected, radiomics were not retained in the final prog-
nosis model based on a random survival forest and set by only 3
features but belonged to the most predictive variables. Further
investigations exploring the potential prognostic value of textural
features in MM using the random-survival-forest approach are
going to begin soon in a larger cohort of patients included in the
multicenter international CASSIOPET study (86).
Furthermore, Tagliafico et al. showed that a radiomics approach

could improve radiologic evaluation of MM on CT (141). Using a
small retrospective cohort, Schenone et al. reported that artificial
intelligence and radiomics’ features prognostically stratified MM
patients (142). Park et al. reported that machine learning provided
an accurate and reliable diagnosis of diffuse bone marrow infiltra-
tion in MM patients (143). Jin et al. applied to 18F-FDG PET/CT a

radiomics model that classified MM and bone metastases (144).
Liu et al. demonstrated that a logistic regression–based machine
learning method may be superior to other methods for assessing
high-risk cytogenetic status in MM (145). Other radiomics meth-
ods were applied to MR images and were coupled to molecular
and clinical information (146).
Many studies are retrospective, and when there is a small pool

of patients, data mutability is a main problem for using such sys-
tems in hematology. It is currently unknown how these procedures
would operate with inter- and intralaboratory variability. More-
over, current artificial intelligence techniques are not transparent
in their elaboration processes; their interlocutors might not know
how artificial intelligence techniques have reached a given conclu-
sion: this could produce trust issues, especially when critical
choices need to be based on these conclusions. For this reason
alone, the application of artificial intelligence in clinical settings is
in a preliminary phase (146,147).

Whole-Body Multiparametric Functional MRI
18F-FDG PET/CT and whole-body MRI are both included in the

updated International Myeloma Working Group definition of MM
criteria and are used to evaluate the number of FLs and the pres-
ence of bone marrow involvement as surrogates of disease burden
(94). The prospective IMAJEM study concluded that there was no
difference in the detection of bone involvement at baseline MM
between conventional pelvic–spinal MRI (without whole-body
diffusion-weighted imaging) and whole-body 18F-FDG PET/CT on
a patient-based analysis (76).
The excellent image contrast between normal and diseased bone

marrow by diffusion-weighted MRI leads to superior FL detection
compared with conventional morphologic (included short-t inver-
sion recovery) and contrast-enhanced MRI sequences (148–150)
and therefore is increasingly being used for MM work-up
(151,152). The whole-body MRI protocol in MM should include
axial T1- or T2-weighted turbo spin echo short-t inversion recov-
ery sequences, axial diffusion-weighted imaging with 2 b values
(50 and 800 s/mm2) and apparent diffusion coefficient (ADC) cal-
culation with 3-dimensional MIP reconstructions of the highest
b-value images, and whole-spine sagittal T1-weighted Dixon/T2-
weighted short-t inversion recovery turbo spin echo weighted
sequences. The sensitivity of MRI for FL detection including this
sequence seemed to be higher than that of 18F-FDG PET/CT in
recent comparative (82,153) and simultaneous PET/MRI (83)
studies (Figs. 5 and 6).
Imaging with more than one b value allows automated calculation

of the ADC for each voxel in the image, and a quantitative map can
be produced. A tumor—with tightly packed cells—therefore appears
as an area of restricted water diffusion and high signal on a source dif-
fusion image and of low value on an ADC map, and response
to therapy induces decreased cellularity, thereby diminishing the signal
at a high b value and increasing the ADC values. Therefore, diffusion-
weighted imaging theoretically allows therapy assessment. In a large
cohort, Weinhold’s team (110) highlighted more patients with residual
FL on diffusion-weighted imaging than on 18F-FDG PET/CT imaging
at the onset of complete response after first-line or second-line therapy.
There were patients with FLs in the PET-only analysis too, suggesting
that the 2 techniques are complementary. Because the ADC cutoff
value for FL positivity definition after therapy remains undetermined,
the specificity of this sequence remains unclear. However, in this
study, residual FLs—detectable in 24% of first-line patients—were
associated with shorter PFS. Furthermore, the PFS of patients with
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residual FLs that were detectable only using
whole-body diffusion-weighted imaging was
not significantly different from that of
patients with residual PET-positive FLs
(median PFS, 3.4 vs. 3.0y). In another recent
study (154,155), sustained MRD negativity
assessed by diffusion-weighted imaging dur-
ing maintenance therapy 1y after ASCT had
strong predictive relevance for survival in
newly diagnosed MM patients.
Another study (156) showed that mean

ADC increased in all but 1 of 20 patients
who responded to treatment, whereas ADC
decreased in all 5 patients who did not
respond to treatment. ADC measurement
was repeatable. ADC changes after therapy
are included in the Myeloma Response
Assessment and Diagnosis System MRI
guidelines (152) to help define the response
assessment category. The “highly likely to be
responding” patient category includes previ-
ously evident lesions showing an increase in
ADC from less than 1,400 mm2/s to more
than 1,400 mm2/s and less than a 40%
increase in ADC from baseline with a corre-
sponding decrease in normalized high
b-value signal intensity and morphologic
findings consistent with stable or responding
disease. We have to keep in mind that ADC
values are influenced by many parameters,
including the choice of b values, the diffusion
time achievable with diffusion sequences,
and both patient- and technique-related fea-
tures (e.g., magnetic field strength and coils).
Another MRI-derived feature that could

help for response to therapy assessment,
especially in 18F-FDG PET/CT–negative
patients, is the fat fraction of FLs. In a
study by Latifoltojar et al. (157), among
different quantitative biomarkers extracted
from MRI, signal fat fraction and ADC sig-
nificantly increased in responders but not
in nonresponders. FL fat fraction was the
best discriminator of treatment response,
and bone fat fraction repeatability was bet-
ter than bone ADC repeatability.
Finally, new hybrid simultaneous PET/

MRI has emerged recently, and these
devices substitute MRI (coupled with PET)
for the usual CT scan. For MM, the theo-
retic and practical benefit of performing
single-shot simultaneous 18F-FDG PET/
MRI is high, but to date there are scarce
data published. A preliminary retrospective
study showed that whole-body PET/MRI
provided optimal diagnostic performance
(83). However, the study could not com-
pare PET/MRI and PET/CT. Further trials
assessing the diagnostic and prognostic
performance of PET/MRI are needed.

FIGURE 5. Sagittal T2-weighted short-t inversion recovery MR (left), PET (middle), and PET/MR
(right) images of disseminated FLs of spine. There is no evidence of increased 18F-FDG avidity corre-
sponding to MRI findings.

FIGURE 6. Sagittal PET (left), T2-weighted short-t inversion recovery MR (middle), and PET/MR
(right) images. Homogeneous diffuse bone marrow involvement is seen on MRI (diffuse homoge-
neous increased signal), with added FL in T7 body (with 18F-FDG avidity). Anterior and posterior soft-
tissue extension (arrows) defines paramedullary disease and leads to cord compression.

NEW DEVELOPMENTS IN MYELOMA & Kraeber-Bod#er#e et al. 1339



CONCLUSION

18F-FDG PET/CT represents a powerful tool for the detection of
medullary and extramedullary disease at the diagnosis of symptom-
atic MM, with a negative prognostic value for a high medullary
SUVmax and for the presence of extramedullary disease and para-
medullary disease. 18F-FDG PET/CT is considered the reference
imaging technique for therapy assessment, evaluation being possi-
ble earlier than for conventional MRI. The negativity of pre-ASCT
18F-FDG PET/CT is a favorable prognostic factor, and the positiv-
ity of 18F-FDG PET/CT after ASCT, especially in patients with a
complete biologic response, is an independent negative prognostic
factor. Negative finding on 18F-FDG PET/CT, normal on intrame-
dullary flow cytometry, and a normal ratio of serum free light
chains would allow definition of an optimal complete response
(eradication of monoclonal plasma cells in all compartments).
Ongoing prospective trials will try to confirm the complementary
role of functional imaging with molecular techniques for the detec-
tion of MRD inside and outside the bone marrow at relapse. 18F-
FDG PET/CT is the best imaging technique to differentiate active
disease from morphologic scars and remodeling. Other PET tracers
and PET combined with MRI may also show benefit, especially in
patients with false-negative 18F-FDG findings, but should be evalu-
ated in prospective clinical trials. Radiomics and machine learning
methods may improve the prognostic value of PET images.
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Auger electron (AE) radiopharmaceutical therapy (RPT) may have the
same therapeutic efficacy as a-particles for oncologic small disease,
with lower risks of normal-tissue toxicity. The seeds of using AE emit-
ters for RPT were planted several decades ago. Much knowledge has
been gathered about the potency of the biologic effects caused by the
intense shower of these low-energy AEs. Given their short range, AEs
deposit much of their energy in the immediate vicinity of their site of
decay. However, the promise of AE RPT has not yet been realized,
with few agents evaluated in clinical trials and none becoming part of
routine treatment so far. Instigated by the 2022 “Technical Meeting on
Auger Electron Emitters for Radiopharmaceutical Developments” at
the International Atomic Energy Agency, this review presents the cur-
rent status of AE RPT based on the discussions by experts in the field.
A scoring system was applied to illustrate hurdles in the development
of AE RPT, and we present a selected list of well-studied and emerg-
ing AE-emitting radionuclides. Based on the number of AEs and other
emissions, physical half-life, radionuclide production, radiochemical
approaches, dosimetry, and vector availability, recommendations are
put forward to enhance and impact future efforts in AE RPT research.

Key Words: radiopharmaceutical therapy; Auger electrons emitters;
radiopharmaceuticals; recommendations
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Auger electron (AE) radiopharmaceutical therapies (RPTs) are
predicted to have efficacy similar to that of a-particles for onco-
logic small disease, with the added advantage of estimated lower
risks of unwanted normal-tissue toxicity. Distinctly different from
a-particles, AE emissions originate from the electron shells of an
atom after it undergoes internal conversion or electron capture
(Fig. 1). Such decay of radionuclides creates a vacancy in an inner

atomic shell, most often in the K shell, that is filled by an electron
from a higher shell, in turn creating a new vacancy. This leads to a
cascade of atomic electron transitions. Each inner atomic shell
electron transition results in the emission of either an x-ray or an
Auger, Coster–Kronig, or super Coster–Kronig monoenergetic
electron (collectively called AEs) (Fig. 1). From 2 and up to more
than 30 AEs can be emitted per decay, with energies ranging from
a few electron volts to tens of kiloelectron volts (1). AE radionu-
clides that decay by internal conversion also emit g-rays and con-
version electrons.
Although some AEs can have maximal energies of tens of kilo-

electron volts, for example, 78.2 keV with a maximal range of
87mm for 195mPt, most AEs have very low energy (,1 keV).
Those energies are deposited over less than 500nm in tissues, a far
shorter range than for a-particles (50–100mm) (Fig. 1) (1,2). When
copious low-energy AEs are emitted during rapid atomic relaxation
processes ($10215 s), the shower of emitted AEs effectively leads
to highly localized energy deposition within about 10 nm of the
decay site. AEs’ linear energy transfer is high, between 4 and
26keV/mm. The dense shower of AEs therefore leads to high-
linear-energy-transfer–type radiotoxicity in the form of complex
molecular modifications, including complex DNA lesions, lipid
oxidation, and protein oxidation. This is especially impactful when
energy depositions occur in certain subcellular targets, possibly
driving the cellular outcome, high tumor cell killing efficiency, and
correspondingly high radiobiologic effectiveness (3–5). The seeds
of using AE emitters for RPT were planted by Ludwig Feinende-
gen in 1968 (6). Several decades have since passed, and much has
been learned about the potency of the biologic effects caused by
the intense shower of these low-energy AEs (7–9). However, the
promise of AE RPT remains theoretic because only a few agents
have been evaluated in clinical trials and no radiopharmaceuticals
for AE RPT have received regulatory approval for clinical use.
There is renewed interest in radionuclides emitting AEs and other

low-energy electrons based on recent work using a wide range of radio-
nuclides: 161Tb, 197m/gHg, 119Sb, 103Pd, 195mPt, 193mPt, 191Pt, 165Er,
67Ga, 71Ge, 201Tl, and 155Tb. This is in addition to the historically
well-studied 117mSn, 123/125I, 111In, and 99mTc (10). Many of the prom-
ising AE-emitting radionuclides can be produced with low-energy
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cyclotrons, providing worldwide accessibility; this is in contrast to
a- and b-emitting radionuclides. Identification of the ideal radionu-
clides and optimal amalgamation of radionuclide, dosimetry, radio-
chemistry, and vector design need careful consideration, as well as
the targeted epitope, disease type, and stage. We present an overview
of hurdles in the development of a select group of AE-emitting
radionuclides and specific recommendations for future AE RPT
research. The selection process for preferred AE-emitting radio-
nuclides favored those with a higher number of AEs emitted,
preferred half-life, imageable emissions, current worldwide avail-
ability, target availability, ease of radiochemical separation, chela-
tor availability, molar activity, vector availability, and overall
dosimetry score. This work is a result of an international collabora-
tion between experts in the field who gathered at the International
Atomic Energy Agency “Technical Meeting on Auger Electron-
Emitters for Radiopharmaceutical Developments” in Vienna in
September 2022.

RATING OF RADIONUCLIDES FOR AE RPT

Supplemental Table 1 lists the criteria that define the advantages
and disadvantages of AE-emitting radionuclides, with emphasis on
those Auger emitters that not only are therapeutically promising
but also have the capacity to clearly demonstrate the therapeutic
efficacy of AE cascades (supplemental materials are available at
http://jnm.snmjournals.org). Thus, the highest scores were awarded
to radionuclides with high yields of AE and no b-particles, and
lower scores were given to radionuclides that emit AEs and
b-particles. The colors in the table indicate increasing favorabil-
ity: red (unfavorable), yellow (somewhat favorable), light green
(favorable), and dark green (highly favorable). With the criteria
scored red, it is our goal to highlight the need for further develop-
ment or research, if the variable is changeable.
Supplemental Table 2 shows the favorability for each criterion

for candidate AE radionuclides.

Number of AEs per Decay
The numbers of AEs emitted per decay for the AE-emitting

radionuclides (Supplemental Table 2) were extracted from Interna-
tional Commission on Radiological Protection publication 107
(11). High-Z radionuclides with multiple internal conversion and
electron capture processes emit the most AEs per decay, for
example, 125I, 201Tl, 193mPt, and 195mPt. 201Tl and 195mPt emit an
average of 20.9 and 36.5 AEs per decay, whereas 161Tb and 64Cu
emit only 10.9 and as low as 1.8 AEs per decay, respectively.

Experimental evidence shows that fewer
decays are required for high-yield AE radio-
nuclides to achieve the same cell-killing
efficacy as low-yield AE-emitting radionu-
clides (3,12,13). Given the difficulties in
delivering enough decays to sterilize an
entire population of tumor cells, it stands to
reason that high yields of AEs are preferred
over low yields. A requirement for fewer
decays implies that lower activities can be
administered without impacting therapeutic
efficacy, should all other variables remain
equal. This would be beneficial not only
from a healthy-tissue toxicity point of view
but also logistically. There is, however,
insufficient evidence to define a yield below

which the Auger effect vanishes. The closest answer may come from
a series of studies performed with 77Br, 123I, and 125I incorporated
similarly into the DNA (3,12,13). Results showed a radiobiologic
effectiveness of approximately 7 for all 3 AE-emitting radionuclides
compared with acute photon irradiation. These data suggest that
every decay matters, independent of the number of electrons emitted
and where along the DNA the radionuclide is located. Therefore, an
average AE yield of 20 or more per decay is preferred for AE RPT.
Although there is insufficient experimental evidence to confidently
claim that similar arguments hold when the AE emitter is localized
in the cytoplasm or on the cell surface, it stands to reason that one
decay of a weak AE emitter will not be equivalent to 1 decay of a
prolific AE emitter.

Coemission of Conversion Electrons, b-Particles, and Photons
Pure AE emitters are effective against not only single cells and

micrometastases but also tumor nodules up to 1mm in diameter
(14). However, pure AE emitters are rare; most radionuclides emit
concomitant, relatively more energetic conversion electrons or
b-particles (Supplemental Table 2). Characteristic x-rays and
g-rays are emitted in competition with AE and conversion electron
emissions, respectively. Even using AE emitters to treat microme-
tastases, energy may also be deposited outside the intended area.
Accordingly, it cannot always be stated that AE RPT will have no
consequences for off-target tissues.

The number of conversion electrons emitted per decay likely
needs to be considered for most radionuclides studied for AE
RPT. The percentage of b-particles emitted per decay is also
described in Supplemental Table 2, when relevant. The main
AE-emitting radionuclides that emit b-particles are 161Tb, 239Np,
180Ta, 231Th, 237U, and 64Cu.
In column 5 of Supplemental Table 2, radionuclides are anno-

tated in red if they do not emit imageable photon emissions or
light green if less than 5% of the g-rays have an energy of
60–300 keV. A dark green score indicates radionuclides emitting
more than 50% 60- to 300-keV g-rays for SPECT or emitting
positrons suitable for PET (Supplemental Table 1). Most tradi-
tional AE emitters, such as 111In, 99mTc, 67Ga, and 64Cu, are con-
sidered imageable. This clearly both has advantages, for example,
dosimetry purposes, and has disadvantages, for example, healthy-
tissue toxicity and protection from occupational exposure to staff
involved. Here, we did not take into account the availability of
theranostic pairs in which the imaging radionuclide differs from
the therapeutic one, which could have its own advantages. Instead,
we focused on the properties of the AE emitters themselves and

FIGURE 1. Range, cross irradiation, and ionization patterns of b, a, and AE on scale of
tumor/tumor cells (upper left) and DNA (lower left). Emission of Auger and conversion electrons after
electron capture and internal conversion (right). IC5 internal conversion.
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our ability to image and follow distribution and accumulation
within tissues directly.

Physical Half-Life
In Supplemental Table 2, the following categories based on

physical half-life are indicated: red (,12 h and .20 d), yellow
(,24 h), light green (1–2 d), and dark green (3–20 d). The physi-
cal half-life of the AE-emitting radionuclide should allow enough
time for transport to radiolabeling facilities to maximize molar
activity and to allow the radiolabeling (if required), quality con-
trol, and radiopharmaceutical administration. It should also be
amenable for distribution to geographical regions with insufficient
infrastructure for cancer therapy. Such regions are not likely to
have external-beam therapy, and RPT offers a viable alternative
with the added benefit of treating residual disease. Furthermore,
the stricter control of administering prescribed activities for ther-
apy makes scheduling patients and the arrival of their prescribed
administered activity a more difficult task for radionuclides with
short physical half-lives. The required physical half-life is also
influenced by the pharmacokinetics of the radiopharmaceutical in
terms of both effective uptake and clearance times in the tumor and
normal tissues. Radiopharmaceutical vectors with slow uptake in
the tumor require radionuclides with physical half-lives longer than
the time required for peak uptake of the vector to avoid most of the
decays occurring in normal tissues (e.g., bone marrow) before the
agent has peaked in the tumor. In contrast, radiopharmaceuticals
with fast tumor uptake can accommodate radionuclides with shorter
physical half-lives. Longer physical half-lives are also acceptable;
however, dose-rate effects should be considered for radionuclides
with high yields of energetic b-particles, or conversion electron
and radioactive waste handling becomes more complex in the case
of very long-lived nuclides (15). Therefore, the physical half-life
should preferably match the biologic half-times of the vector in the
tumor. Generally, a physical half-life of several days is preferred to
accommodate all the above aspects. It should also be noted that if a
large population of cells is eradicated on successful targeting before
most of the radionuclide decay, the radionuclide’s chemical form
can be altered and redistributed to healthy tissues. However, we
could argue that this is a possible advantage of AE emitters, whose
toxicity is likely to be relatively smaller than a- or b-emitters
unless they are brought into healthy cells (and perhaps all the way
into healthy cells’ nuclei). Investment in radionuclides with short
physical half-lives, such as 161Ho with a 2.5-h physical half-life,
requires additional and compelling justification (e.g., achievable
yields, molar activity, chelation, 2-step targeting, supply logistics,
and dosimetry).

Worldwide Availability, Production Methods, Target Availability
In Supplemental Table 2, the selected AE-emitting radionuclides

are scored for their worldwide availability and target availability.
The worldwide availability values are among the lowest in the
table, notably lower than that of the target availability column, sug-
gesting research and development of viable production routes as a
remedy. Historical uses and production routes are broadly indica-
tive of availability; clinically used single-photon emitters made
with proton-induced reactions score high, namely 67Ga, 111In, 123I,
and 201Tl. Although reactor production offers unparalleled scalabil-
ity, the presence of unreacted target material can limit the specific
activity of the desired reaction product (e.g., 194Pt(n,g)195mPt). Sev-
eral other candidates made with proton-induced nuclear reactions
have been the subject of recent research and can often be obtained

through collaborative research networks in multiple countries, nota-
bly 64Cu (whose clinical promise as a PET-imageable radionuclide
is a bellwether of promise for other radionuclides in the chart),
58mCo, 155Tb, and 135La, all of which are available sporadically in
North America and Europe. These most available candidate AE-
emitting radionuclides benefit from the distributed global infrastruc-
ture of small- to medium-sized cyclotrons (#30MeV H1). With
clinical success of AE-based treatments, their availability is expected
to scale in response as the hundreds of global hospital-based and
research institution–based cyclotrons devote their considerable capac-
ity to production.
Unfortunately, some of the most promising AE emitters with

favorable decay characteristics have lower availability. The chal-
lenging separation and chelation chemistries of 71Ge, 119Sb, 165Er,
and 197m/gHg presently throttle their exploration beyond funda-
mental physical and chemical research. Target material cost, han-
dling, and availability limit work with refractory precious metal
radioisotopes of platinum, iridium, and osmium. Work with acti-
nides is limited by special nuclear materials restrictions, complex
decay schemes, and the challenge of obtaining useful purities with
chemical processing (e.g., 231Th, 237U, and 239Np).

Separation Chemistry, Chelation Chemistry, Molar Activity
Radiochemical separation of the desired radionuclide from the

irradiated target material is an important step that applies to all pro-
duction strategies. The main requirement for using the product radio-
nuclide for the AE RPT is to minimize its contamination with target
material and other stable or radioactive impurities associated with the
irradiation or separation process. Also, high molar activity is very
important as it enables a maximum number of radioactive atoms to
be delivered to its target site and reach optimal therapeutic efficacy.
The selected AE-emitting radionuclides are categorized into 4

groups in terms of their ease of separation (Supplemental Table 2).
Generally, charged particle–induced reactions and (n, g) reactions
followed by b decay form a product of a different Z than the target
material, providing the possibility to separate no-carrier-added
product radionuclide from the target material with sufficient purity
for radiopharmaceutical application. Notably, most of the most
promising AE-emitting radionuclides discussed here still lack effi-
cient radiochemical purification; it is of the utmost importance to
develop efficient purification procedures.
Precipitation, liquid–liquid extraction, distillation, ion exchange,

and solid-phase extraction chromatography are among the major
separation methods used. Among these methods, the ion exchange
and solid-phase extraction separation methods are the most conve-
nient and can be easily applied in the hot cell for mass production
to increase the activity concentration of the final product. How-
ever, it is sometimes difficult to have a suitable resin material or
selective eluting solvent for the desired radionuclide. Often a com-
bination of several steps and methods is required to achieve the
required separation (factors 108–109) of the desired product from
the target element (16). Besides these chemical separation meth-
ods, mass separation provides another means for the separation of
the no-carrier-added radionuclides; however, both the number of
facilities available to perform mass separation and the scalability
of this technique remain limited.
Most of the AE emitters in Supplemental Table 2 are radiome-

tals. Efficient, stable chelation of these radiometals is a critical step
in the synthesis of the respective AE-emitting radiopharmaceuti-
cals. Stability and selectivity are 2 important criteria to guide the
development of suitable chelators, together with their amenability
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to functionalization with targeting biomolecules. High thermody-
namic stability of the complex is crucial to maintain the radiometal
associated with the targeting vector, and the selectivity might facili-
tate the achievement of a high apparent molar activity by avoiding
the chelation of possible metal contaminants. The molar activity
was considered in different ranges, from less than 1 GBq/mmol
(red in Supplemental Tables 1 and 2) to more than 100 GBq/mmol
(dark green in Supplemental Tables 1 and 2). The radiopharmaceu-
tical chemistry of several AE-emitting radiometals, namely radi-
olanthanides, is well established, and several acyclic or cyclic
chelators are available to form kinetically inert and stable com-
plexes, such as DOTA, TETA, and NOTA derivatives (17). In con-
trast, chelation chemistry for many promising AE emitters (e.g.,
119Sb, 197mHg, 103Pd, and 195mPt) is less developed, and suitable
chelators are still missing. Chelator availability was scored in Sup-
plemental Table 2 from red (none) to yellow (complex radiolabel-
ing), light green (most likely available), and dark green (routine).

Vector, Targeting, Cellular Dosimetry
Due to the very short range of AEs, the risk of normal-tissue

toxicity from these electrons themselves is expected to be limited,
provided that the vector carrying the radionuclide is not incorpo-
rated into normal tissues. Even in the worst-case scenario in which
the radionuclide dissociates from its targeting vector, it is assumed
that healthy-tissue toxicity—for example, bone marrow, kidneys,
salivary glands, liver, and guts—will be minimal provided that the
radionuclide does not concentrate within stem cells or other key
subpopulations of cells. In addition, on incorporation into the
bone, bone marrow toxicity should remain at acceptable levels
because of their short range.
The short range of AE emissions may at first appear to be a neg-

ative trait. It necessitates targeting of the radiolabeled compound
to a specific subcellular structure, such as nuclear DNA, the nucle-
olus, or, to a lesser extent, the nucleus, to obtain maximal benefi-
cial effects. Approaches to targeting AE-emitting radionuclides to
other subcellular compartments such as the cell membrane or
mitochondria can also be considered (Fig. 2) (5,18). A higher

number of decays per cell is needed for therapeutic efficacy from
AEs when located outside the nucleus; however, bystander effects
induced by cell membrane irradiation could compensate, at least
partly, for the anticipated inferior efficacy in the absence of
nuclear targeting, particularly when vectors do not gain access to
every tumor cell. In Supplemental Tables 1 and 2, vector availabil-
ity was scored red if no vectors for the selected radionuclide have
been studied, whereas a high score (dark green) was applied if a
considerable number of vectors have been studied.
Cellular dosimetry and macroscopic dosimetry (including

photons) for the AE radionuclides are provided in Supplemental
Table 3 (19). An overall dosimetry score for each radionuclide was
calculated:

hOverall dosimetryi5h#AE2i1hhalf2lifei1hS self
all i

1
S self
all

S self
all 1S cross

all

# !2

1
S self
particles

S self
all

* +2

:

Scores of 1–5 were assigned for each dosimetry category. Cate-
gory scores included the number of AEs emitted per decay h#AEi,
physical half-life, self-dose to the cell nucleus per decay in the cell
nucleus hS self

all i, ratio of self-dose to the nucleus to total absorbed
dose to the nucleus hS self

all =ðS self
all 1S cross

all Þi, and ratio of self-dose
from particles to self-dose from all radiations including photons
for a 6.2-mm radius sphere of water hS self

particles=S
self
all i. The #AE

and the 2 ratios were considered to be of more dosimetric impor-
tance than physical half-life and self-absorbed dose per decay
in the context of using AE emitters for therapy. The argument
for #AE has already been discussed above at length. The
hS self

all =ðS self
all 1S cross

all Þi ratio speaks to maximizing the absorbed
dose to the target cells and minimizing the absorbed dose to sur-
rounding normal cells. The hS self

particles=S
self
all i emphasizes the impor-

tance of minimizing the cross irradiation from photons. These were
weighted more heavily by squaring their scores. The absorbed
doses were calculated using MIRDcell V3.12 software and are pre-
sented in Supplemental Figures 1–6 and Supplemental Tables 3
and 4 (20).

DISCUSSION AND RECOMMENDATIONS

Number of AEs and Coemissions, Physical Half-Life
Ideally, a pure AE emitter such as 165Er would be pursued for

AE RPT. Alternatively, the radionuclides that emit the highest
number of AEs per decay should also be considered; these would
include 201Tl, 119Sb, 125I, 193mPt, 195mPt, 231Th, 237U, and 125mTe.
However, availability or simplicity of radiochemistry and targeting
requirements currently limit the choice of AE-emitting radionu-
clides to those that coemit conversion electrons, photons, or
b-particles.
The main coemissions that can impact clinical use are photons.

For example, in the case of the AE-emitting radionuclides 111In
and 125I, the photon-to-electron ratio is 11.8 and 2.16, respectively.
But the photon-to-electron ratio ranges all the way from 0.05 for
103mRh to 54.8 for 94Tc (21). AE emitters with high yields of AEs
and low photon yields are preferred. Administering high activities
for AEs with high photon yields has radiation safety implications
and can lead to undesirable irradiation of normal tissues, complica-
tions for radiation protection, and diminished acceptance by
patients and the medical community. However, too low a photon
yield may compromise concurrent imaging and make it difficult

FIGURE 2. Although nucleus and DNA are typically the primary cellular
targets of radiation damage, internalization into cancer cells and delivery
to cell nucleus is not required for cell killing with AE-emitting radionuclides.
Targeting of cell membrane can be an effective strategy for killing cancer
cells with AEs (18). AEs can also initiate strong bystander response that
significantly participates in cell killing (23,29,30).
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with current clinical instrumentation to measure the activity to be
administered.
Available radionuclides with a promising photon-to-electron

ratio for effective theranostics are 123I, 119Sb, 197mHg, 193mPt,
195mPt, and 125mTe. Among these, 119Sb, 193mPt, and 195mPt also
have optimal physical half-lives.

Worldwide Availability, Production Methods, Target Availability
Despite the accessibility of many reaction routes to the broad

palette of potentially therapeutic AE-emitting radionuclides, there
are significant production challenges associated with several lead-
ing candidates. Of the selected AE-emitting radionuclides, 65.5%
have limited or no worldwide availability (Supplemental Table 2).
Some notable examples are 58mCo and 189mOs. For 58mCo (half-
life, 9.4 h), the metastable isomer decays 100% to its long-lived
ground state, 58gCo (half-life, 70 d), a radionuclide impurity that
can only be accounted for with the pharmacokinetics of the target-
ing vector and the biologic elimination of the radiopharmaceutical.
For 189mOs, the most desirable routes to formation of this radionu-
clide (half-life, 5.81 h) are by electron capture or b-decay of its 2
parents, 189Ir (half-life, 13.3 d) and 189Re (half-life, 24.3 h), which
populate the metastable state with 7.5% and 8% of their decays,
respectively, limiting the achievable molar activity of 189mOs. The
situation with platinum radionuclides is similar but less fraught,
since 193mPt and 195mPt, usually produced together, are both AE
emitters of significant interest and have half-lives of about 4 d.
High-purity production of the very interesting SPECT/AE-emitting
radionuclide 155Tb requires a more highly enriched target 155Gd
than is presently available ($90% isotopic enrichment). Without
higher 155Gd enrichments or mass separation, 156Tb content poses
challenging dosimetry questions for patient studies.
Many AE-emitting radionuclides require target materials with

high isotopic enrichments. Most of these materials are commonly
sourced from a small number of commercial vendors worldwide
who purchase or repurchase, mostly from Russian suppliers. The
U.S. Department of Energy and the European Union have pro-
grams to reestablish enrichment capabilities, but global social and
geopolitical instability contribute to rising material costs and
diminishing availabilities exacerbated by an undiversified supply
chain. Future large-scale production of AE radionuclides depends
on multiple isotopic enrichment efforts for production of target
materials on a scale of tens to hundreds of grams.

Separation Chemistry, Chelation Chemistry, Molar Activity
For several interesting AE-emitting candidates, no transmuta-

tion reaction is available; a method of mass-based separation will
therefore have to be used to achieve high molar activities. These
include, especially, 191Os, neutron- and g-produced radionuclides,
and several less investigated actinide radionuclides such as
231U, 229Pa, 231Th, and 237U (22). Improving the availability of
AE-emitting radionuclides through development of production
methods will advance the field. Focus should go to those radio-
nuclides with a high AE yield, a favorable AE–to–g-emission
ratio, and a physical half-life that allows wide distribution and
the development of their radiochemistry. Production using widely
available technology (such as smaller cyclotrons, which are dis-
seminated throughout the world) will also increase availability
and adoption by the field. Advancement in production technolo-
gies for medical radionuclides; engaging and scaling production
methods based on irradiation with protons, neutrons, and other
particles (e.g. electron linear accelerators); and advancement of

mass separation technology will enable expansion of the list of
promising candidates and achieve the required molar activities for
many promising AE emitters.

Vector, Targeting, Cellular Dosimetry
Positional effects (location of decay site in the cell) of AE emit-

ters have been studied, but more remains to be learned. To date,
targeting the DNA in the cell nucleus has proven to be the most
effective for therapy, with the least number of decays required for
cell inactivation. Evidence to date supports membrane targeting as
the next best option, followed by cytoplasmic localization (Fig. 2).
In all cases, radiation-induced bystander effects appear to play a
role that merits further exploration (23). However, so far, there are
no suitable AE-emitting radiopharmaceuticals that achieve both
specific targeting of cancer cells and delivery of a cytocidal num-
ber of decays to sterilize the entire population of tumor cells (24).
It remains to be seen whether other subcellular targets can be
exploited through precision targeting with appropriate vectors to
achieve similar or greater cytotoxicity (Table 1). The specificity
and selectivity of the delivery vector or of the radiolabeled com-
pounds should be evaluated in detail using cancer cells, including
definition of subcellular localization and targeting specificity, in
combination with the most optimal radionuclide for a disease-
specific biologic target. Clinical evaluation should be informed
through preclinical evaluation. A deep understanding of the bio-
logic behavior and radiobiologic effects of AE-emitting radiophar-
maceuticals is needed to select the optimal compounds for clinical
investigation.
Another pressing problem to overcome clinical implementation

of AE emitters is the inherent nonuniform distribution of radio-
pharmaceuticals in tumor tissues. A nonuniform distribution is
present in each case and can be due to heterogeneous target
expression or the natural variation (typically log-normal) that is
present among even a clonal population of cells in suspension.
Approaches to overcoming the nonuniform distribution of radio-
pharmaceuticals are being developed that involve the use of 2 or
more radiopharmaceuticals (or other agents) to permit sterilization
of circulating tumor cells (25,26), disseminated tumor cells, and
micrometastases. More importantly, software tools (20,27) are
continuously being developed to implement these approaches that
are ultimately intended to provide personalized treatment. How-
ever, the development of standardized dosimetry practices is nec-
essary for AE RPT (28). As pointed out by the International
Commission on Radiation Units and Measurements, image-
derived dosimetry may not suffice for AE emitters, given their
short range or, when plentiful g-particles are coemitted, because
the ultimate application may be when treated lesions are so small
that they fall beneath the detection and resolution limits of scan-
ners. AE radionuclide–dedicated subcellular and multicellular
biopsy-based dosimetry may be necessary (28). Figure 3 shows a
histogram of the overall dosimetry score for the AE radionuclides.
In general, the AE radionuclide candidates with a high atomic
number are generally preferred dosimetrically because of the large
number of AEs emitted, the small number of decays required to
deliver sterilizing absorbed doses, and the low abundance of
photons relative to particle radiations (Fig. 3).

Preclinical Evaluation and Translation into the Clinic and
Applications
Initial translational and clinical evaluations should focus on

treatment of micrometastases and disseminated tumor cells (with
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the disease site and phenotype informing selection of the biologic tar-
get) and on design of a vector mechanism that selectively delivers
the AE to cancer cells. We recommend that a higher likelihood of
successful therapy can be gained from the treatment of early-stage,
small disease; small residual disease (after other treatments, such as

surgery or external-beam radiotherapy); or minimal recurrent disease,
even at the occult stage. Detection methods other than anatomic or
molecular imaging may be necessary, such as monitoring of circulat-
ing tumor cells, analysis of disseminated tumor cells in lymph nodes,
and analysis of other biochemical markers. Contrarily, larger tumors

may have a lower probability of success,
with less possibility of indisputably estab-
lishing the clinical efficacy of AE RPT. The
high-linear-energy-transfer property also
makes radionuclides emitting a-particles,
and likely AE emitters, theoretically less
dependent on the oxygenation state of the
tumor environment. This usual dependency
is mitigated by considering their final sub-
cellular localization and, to some extent,
their ability to also induce an oxygen-
dependent bystander response (18). AE
emitters could therefore not only overcome
hypoxia-related treatment resistance but also
produce an enhanced therapeutic response
in the form of radiation-induced bystander
effects (23,29,30). Currently, different strate-
gies including nanoparticle-based delivery
constructs are adapted to achieve delivery of
AE emitters to the nucleus and preferential
subcellular targets. Also, the use of radio-
pharmaceutical cocktails is expected to max-
imize the cytocidal effect with AE RPT and
minimize injected activity. This, in turn, can
minimize normal-tissue toxicity. However,
the translation of these strategies to the clinic

TABLE 1
Available Vectors for Different Subcellular Targets

Vector internalized Vector targeting nucleus Vector noninternalized

Trastuzumab anti-HER2 mAb (5) CPP: for example, TAT (5) Anti-CEA mAb 35A7: after
transfecting cells with CEA
(5,14,18)

mAb 425: binding EGFR and
internalized

MAP (33) (DOTA-LM3): SSTR antagonist that
localizes at the cell membrane (34)

(anti-HER1) 125I-m225 (14,18) PARPi: 125I-KX1 and 123I-MAPi (35,36)

Membrane NAT receptor: cells
transfected with NAT gene to
enable active uptake of MIBG
in cells (36)

IUdR: thymidine analogs that are
incorporated into DNA in S phase (37)

DOTATOC: SSTR agonists that
localize in cytoplasm (34)

DOTATOC-NLS: SSTR agonists that
localize to cellular nucleus (34);
125I-labeled Hoechst and acridine
orange derivatives (38–40)

F3 peptide: binds nucleolin,
expressed in nuclei of normal
cells but is also on membrane
of some cancer cells (41)

HER2 5 human epidermal growth factor receptor 2; CPP 5 cell-penetrating peptides; CEA 5 carcinoembryonic antigen;
EGFR 5 epidermal growth factor receptor; MAP 5 model amphipathic peptide; LM3 5 p-Cl-Phe-cyclo(D-Cys-Tyr-D-4-amino-
Phe(carbamoyl)-Lys-Thr-Cys)D-Tyr-NH2 and SSTR; HER1 5 human epidermal growth factor receptor 1; PARPi 5 poly-ADP ribose
polymerase inhibitor; KX1 5 1-(4-(iodophenyl)-8,9-dihydro-2,7,9a-triazabenzo[cd]azulen-6(7H)-one; MAPi 5 model amphipathic peptide
inhibitor; NAT 5 noradrenaline transporter; MIBG 5 meta-iodobenzylguanidine; IUdR 5 5-iodo-29-deoxyuridine; SSTR 5 somatostatin
receptor; NLS 5 nuclear localization sequence.

FIGURE 3. Overall dosimetry score for radionuclides for AE RPT: unfavorable (10–26), somewhat
favorable (26–41), favorable (41–56), and highly favorable ($55).
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requires extensive challenging preclinical evaluation (31,32).
Although AE RPT will always be an adjuvant therapy in the clinic,
preclinical research with pure AEs such as 71Ge, 119Sb, and 165Er
will advance knowledge of the potential of AE RPT probes.
Well-designed clinical trials are necessary to demonstrate the

merit of AE RPT for patients. These trials should consider prefer-
ential use in patients with small disease, comparison of standard-
of-care treatment regimens versus the addition of AE RPT, and
the use of relevant readouts, such as progression-free survival,
overall survival, or recurrence of disease. Evaluation of late toxic-
ity may become necessary at a later stage, to inform radiation pro-
tection of healthy tissues. This will be particularly important when
comparing against radiopharmaceuticals that emit a-particles.
Aside from the potential oncologic applications of AE RPT in
treating small-volume diseases, there may be other viable applica-
tions, including treating infections, musculoskeletal disease, and
cardiovascular and neurologic disorders.

KEY ASPECTS TO CONSIDER WHEN TRANSLATING AE RPT
TO CLINICAL PRACTICE

High-yield AE emitters should be used to minimize the number
of decays required. Many decays are needed to sterilize tumor
cells with AE emitters. Because delivery of sufficient decays to all
tumor cells is challenging it is desirable to develop radiopharma-
ceuticals that require as few decays as possible.
AE emitters can impart high-linear-energy-transfer–type radio-

toxicity with no dose rate effect.
The physical characteristics of AE are well defined and promis-

ing, but more research is needed on the ideal delivery systems and
their availability.
Radionuclides with low photon yields should be preferentially

selected to avoid normal-tissue toxicity, minimize radiation protec-
tion issues, and gain acceptance of the therapy by patients and
medical practitioners. A low (scoring criteria are in Supplemental
Table 1) photon yield with energies of about 100 keV is desirable
for SPECT imaging.
Combinations of AE RPT and other therapeutic modalities,

such as chemotherapy and immunomodulatory therapy, will maxi-
mize cytocidal effect and minimize injected activity. This, in turn,
can minimize normal-tissue toxicity.
Radiopharmaceuticals can degrade in the body, potentially

resulting in distribution of radionuclides to normal tissues. Clinical
experience with 223Ra-dichloride suggests that radionuclides that
emit short-range radiation have a good safety profile when local-
ized on bone surfaces. Therefore, AE-emitting radionuclides that
are natural bone-surface seekers may be a good option for improv-
ing patient safety.
Unwanted cytotoxicity caused by AE emitters to healthy tissue

can be countered with radical scavengers, unlike for a-particles.
This implies that, like external-beam radiation therapy with
photons, irradiated normal tissues may benefit from DNA repair to
a greater degree than tumor tissue. Therefore, AE RPT has a
potential added benefit not possible for a-RPT.
Most AE-emitting radionuclides can be produced with low-

energy cyclotrons.
Stable accelerator target materials and nuclear reactions for AE

emitters’ production are more available than those needed for
a-emitters.
Pure AE emitters, such as 71Ge or 119Sb, could answer remaining

radiobiologic questions pertaining to the therapeutic effectiveness of

AE, but chelation chemistry is needed to incorporate these nuclides
into radiopharmaceuticals.
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KEY POINTS

QUESTION: AE RPT may have the same therapeutic efficacy
as a-particles for oncologic small disease, with lower risks of
normal-tissue toxicity. However, what are the next steps for
impactful AE RPT?

PERTINENT FINDINGS: The production of some AEs with
highly desirable characteristics is not yet developed. Careful
consideration of all parameters, including decay properties,
nuclear chemistry, radiochemistry, dosimetry, and radiobiology, is
essential to successful design of AE-emitting radiopharmaceuticals.
An average AE yield of 20 or more per decay may be preferred for
AE RPT.

IMPLICATIONS FOR PATIENT CARE: AE RPT might have
efficacy similar to that of a-particles for oncologic small disease,
with the advantage of lower risks of normal-tissue toxicity.
The clinical success of AE RPT treatments can take advantage of
the availability of hundreds of global hospital-based and research
institution–based cyclotrons to produce AE-emitting radionuclides,
facilitating their worldwide spread at a more economical cost.
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Nuclear medicine (NM) in the United States is experiencing a man-
power shortage that is steadily getting worse. It largely derives from
inadequate production of well-trained NM physicians. It is different in
the rest of the world, where NM is an independent specialty and train-
ing is more rigorous. Three suggestions are offered to help reverse the
situation: (1) stop radiologists with inadequate training from practicing
NM; (2) strengthen NM training programs; and (3) inform medical
students of career opportunities in NM. If we do nothing, the rest of
the world will move forward, leaving us behind.
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It is becoming increasingly clear that there is a manpower prob-
lem in nuclear medicine (NM) in the United States that is steadily
becoming worse (1–5), both in academia and in private practice.
The number of active Accreditation Council for Graduate Medical
Education (ACGME)–certified training programs has dropped
from 86 in 1995 to 36 today (Fig. 1). There are at least 21 sites
seeking well-qualified NM physicians (posted recently on the
Society of Nuclear Medicine and Molecular Imaging [SNMMI]
website) and very few well-qualified applicants. Training in NM,
which is nominally for 3 y, is usually only for 1–2 y, because
almost all residents have prior training in diagnostic radiology.
United States–trained radiologists usually complete 1 y of NM res-
idency to become eligible for the American Board of Nuclear
Medicine (ABNM). Foreign medical graduates complete 1 or 2 y
of NM to help fulfill American Board of Radiology (ABR)
requirements but often are not planning to practice NM in the
future. We are simply not producing very many high-quality aca-
demic NM physicians.
This situation has been steadily building during the past 2

decades. A major problem during the 2000s was that our residency
graduates had real difficulty getting jobs. This was because many
academic and private-practice programs preferred to hire diagnos-
tic radiology radiologists with minimal NM training instead of
well-trained NM physicians who could not do part-time radiology.
The job situation resulted in medical students’ perception of NM
as an unattractive specialty, and the number and quality of the
applicants for NM residency fell significantly. In recent years, this
has changed in that more jobs are available but that now most NM

residents are radiologists who have completed 1 y of NM training
and are competent in NM. Some of them, but not enough, are aca-
demically inclined. The numbers of academic physicians are not
being adequately replenished.
The situation is quite different in the rest of the world, not only

because NM is a separate specialty, not practiced by radiologists,
but also because the training is significantly more rigorous. In
Europe, most programs require 4–5 y after medical school and
often include a year of research. In Australia, the training program
is for 7–8 y. This certainly contrasts with the United States, where
most residents get much less experience and little exposure to
research methodology.
I often think of my mentor during my early career, Wil Nelp,

who always said “Don’t bring me problems; bring me solutions.”
Accordingly, I present 3 suggestions. If all these suggestions can
be implemented, NM can emerge as a strong specialty, but it will
take at least a decade to recover. If we do nothing, which has been
our policy for the past 2 decades, NM will become a small part of
radiology, doing studies that are developed elsewhere and contrib-
uting little innovation.
Suggestion 1 is to stop inadequately trained radiologists from

practicing NM. NM cannot completely separate from radiology,
but we have to insist that 4mo of training are not sufficient to
practice NM. Radiologists with an extra year of NM training are
competent, but 4mo is not enough. This has been discussed with
radiology leadership for years, with no significant change. We
should definitely try to have further discussion with radiology
leadership. However, another option to accomplish this might be
for the ABNM to bring a resolution to the floor of the annual
American Board of Medical Specialties meeting to require a mini-
mum of 1 y of training to be able to practice NM.
Suggestion 2 is to add one more year to the NM residency pro-

gram that would be primarily research but could also emphasize
involvement in radionuclide therapy, since that is becoming a

FIGURE 1. Updated number of ACGME-approved NM residency pro-
grams in United States.
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growing part of what we do. Similar to radiation oncology, research
would not be mandatory but could include rotations in cardiology,
neurology, medical oncology, or radiation oncology. This extra year
would not apply to radiologists completing only 1y of NM training
but would apply to those in the 3-y program. Funding may prove to
be a problem but could at least partially be solved by SNMMI
scholarships. In 2007, when an extra year was added to NM training
by the ACGME, there was no problem with funding.
Suggestion 3 is to develop a strong and effective long-term

informational campaign directed at medical students, so they
become aware of the exciting aspects of NM. Currently, medical
students are completely unaware that NM is a possible career
direction until very late in their time in medical school. In the
past, the SNMMI and others (5) have occasionally mounted a
short-term effort, but to be effective the campaign will have to be
well funded and continuous. In the past, the responsibility for
informing medical students has been assigned to the directors of
NM in individual programs. This approach has repeatedly failed.
We need a new approach that will almost certainly involve crea-
tive use of the Internet, including social media.
If suggestions 1, 2, and 3 can be implemented by the ABNM,

the ACGME NM residency review committee, and the SNMMI,
respectively, our specialty could gradually recover. If we do noth-
ing, the rest of the world will move forward, leaving us behind.
The title of this editorial is “The Future of Nuclear Medicine in

the United States,” yet it seems to concern itself mostly with aca-
demic practices. However, academic practice is in fact the central
core of NM and is essential for the future of both academic and
private-practice NM. A separate, emerging problem is how we
will be able to provide support for the increasing numbers of ther-
anostics patients. This is discussed in detail elsewhere (6,7).

A significant weakness of the above discussion is lack of hard
data. It would be useful to know the actual number of board-certified
NM practitioners in the United States over time entering via the
ABNM or ABR pathway and what fraction is practicing NM a year
later, stratified by prior training: diagnostic radiology versus other.
Also, how many foreign medical graduates in the ABR alternate
pathway, who do a year of NM, actually practice NM later? These
numbers are currently not available but might be determined
through efforts of the ABNM, ABR, and ACGME residency
review committees.

DISCLOSURE

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

REFERENCES

1. Graham MM, Delbeke D, Jadvar H. Point: the existential threat to nuclear medicine.
J Am Coll Radiol. 2018;15:384–386.

2. Ruddell JH, Eltorai AEM, Tang OY, et al. The current state of nuclear medicine and
nuclear radiology: workforce trends, training pathways, and training program web-
sites. Acad Radiol. 2020;27:1751–1759.

3. Segall GM, Grady EE, Fair JR, Ghesani MV, Gordon L. Nuclear medicine training
in the united states J. Nucl Med. 2017;58:1733–1734.

4. Mankoff D, Pryma DA. Nuclear medicine training: what now? J Nucl Med. 2017;
58:1536–1538.

5. Harolds JA, Guiberteau MJ, Oates ME. Recruitment into a combined radiology/
nuclear medicine subspecialty. J Am Coll Radiol. 2017;14:122–124.

6. Graham MM, Buatti JM. Training requirements for theranostics: a unique opportu-
nity for collaboration. J Nucl Med. 2019;60:1205–1206.

7. Czernin J, Sonni I, Razmaria A, Calais J. The future of nuclear medicine as an inde-
pendent specialty. J Nucl Med. 2019;60(suppl 2):3S–12S.

U.S. FUTURE OF NUCLEAR MEDICINE & Graham 1353



I N V I T E D P E R S P E C T I V E

The Future of Nuclear Medicine in the United States

George M. Segall, Maria Watts, and Kirk A. Frey

American Board of Nuclear Medicine, St. Louis, Missouri

The American Board of Nuclear Medicine (ABNM) has
certified 6,031 physicians in nuclear medicine (NM) from 1972
to 2022, of whom 3,733 are still active, meaning they are not
retired or deceased and have maintained their ABNM certification
(Fig. 1). This number has not changed significantly since 2015,
indicating that the workforce is stable despite the decrease in the
number of Accreditation Council for Graduate Medical Education
(ACGME)–accredited NM programs from 43 to 36 during the
same period.
There has been a marked decrease in the total number of resi-

dents in ACGME-accredited NM programs since 2009, when the
number was 166 (Fig. 2). The decrease initially was due to an
increase in the length of training from 2 to 3 y required by the
ACGME in 2007, but this change could not explain the continuing
decline until 2016, when the number reached a nadir of 74 before
stabilizing. There are currently a total of 80 NM residents, which
does not account for additional trainees in other pathways.
There was also a decrease in the number of physicians certified by

the ABNM each year, but the decrease started later, and the percent-
age decrease was smaller (Fig. 3). More recently, there has been a
significant increase in the number of diplomates certified by the
ABNM without a significant change in the total number of NM resi-
dents. The reason is an increasing number of physicians in dual NM
and diagnostic radiology (DR) training pathways that shorten NM

training from 3y to a minimum of 16mo, as well as an increasing
number of physicians who are designated by their training institu-
tions as DR residents or NM fellows in non–ACGME-accredited
positions during their NM training. For example, 20% of ABNM-
certified physicians from 2018 to 2022 completed 16mo of NM
training during 4y of DR training, equal to the percentage of physi-
cians who completed 3y of NM training.
Diagnostic radiologists who are also certified by the ABNM

have always been a majority of physicians practicing NM. The
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average percentage over the past 20 y has been 54%, but the per-
centage over the past 5 y has increased to 70% (Fig. 4). The train-
ing pathways of candidates for the 2022 ABNM certification are
shown in Figure 5. Twenty-eight percent of candidates completed
3 y of NM training, with an additional 7% having NM training
outside the United States and Canada. Sixty-five percent of candi-
dates had DR training, including 27% with 4 y of DR training plus
an additional 1 y of NM or nuclear radiology training, and 26%
with 16mo of NM training during 4 y of DR training. Candidates
with DR training had a pass rate of 96% on the 2022 ABNM certi-
fication examination, indicating a high degree of competence.
The average percentage of NM physicians certified in medical

specialties other than radiology has decreased from 10% to 5%
over the past 20 y. The ABNM and the American Board of Inter-
nal Medicine have a 4-y combined training pathway leading to
certification in both specialties, but few physicians have used this
pathway. In the future, there may be increased interest in this path-
way because of the importance of NM in oncology, particularly
theranostics.
There are opportunities and challenges in training the future NM

workforce. Presently, there is an overreliance on international med-
ical graduates. In 2011, international medical graduates accounted
for 59% of NM residents. In 2021, that percentage increased
to 82%. Thirty-three percent of the 36 ACGME-accredited NM
programs did not have any medical students from their affiliated
universities matriculate into any NM program in the United States,
on the basis of candidates taking the ABNM certification examina-
tion in the past 5 y (2018–2022). Another 36% had only 1 student

matriculate into a NM program during the same period. Recruiting
medical students at the universities that have ACGME-accredited
NM programs is an important opportunity.
The impact of dual training in NM and DR on the number of

physicians who choose an academic career and do NM research is
unknown. On the basis of self-reported information in 2020, 43%
of ABNM physicians answered that they were in academic prac-
tice, 46% answered that they were in private practice, and 11%
answered “other” (1). The percentage of NM physicians in aca-
demic practice seems robust, but the ABNM does not have any
information about the amount of research being performed. The
ACGME and the ABNM currently allow up to 6mo of elective or
research time during 3 y of training. There is an opportunity to
engage the ACGME and other stakeholders to develop models that
promote research during training and encourage residents to pur-
sue academic careers (2).
Change is inevitable. NM will continue to evolve as a specialty.

The ABNM will work with all stakeholders to meet the challenges
and take advantage of the opportunities to ensure a bright future.
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The future of nuclear medicine (NM), molecular imaging, and
theranostics is indeed bright. Its evolution from “unclear med-
icine” to its current stature as a field has helped lead health care
toward precision medicine. This journey started over 20 y ago
with the advancement of PET instrumentation and radiopharma-
ceuticals, and more recently the field has experienced a renais-
sance through the development of radiopharmaceutical therapy
and theranostics. Throughout this evolution and transformation,
the practice and science of NM have benefitted from the breadth
of disciplines embraced by the field—clinical imaging and ther-
apy, molecular biology, physics, chemistry, and mathematics.
Multidisciplinary training and practice for physicians have also
been important for advancing NM; however, we physicians, unlike
our basic science partners, have at times struggled with these col-
laborations. We believe that collaboration is imperative for best
practices in patient-centered medicine and education.
The elephant in the room is who will be allowed to practice

theranostics and radiopharmaceutical therapy in the United States
and whether collaboration with fields outside NM will lead to the
demise of the specialty in the United States. In this issue of The
Journal of Nuclear Medicine, Dr. Graham seems to suggest that
NM in the United States must become a truly independent spe-
cialty to survive and thrive in the era of theranostics and that fail-
ure to develop truly independent training and practice may lead to
the decline of NM (1). We would like to offer a different opinion.
We do agree with Dr. Graham that, outside of the United States,
different regulatory and cultural factors support NM training and
practice. As such, we confine our comments to training and prac-
tice in the United States, taking some cues from practices else-
where, particularly in parts of Europe, that support a more
independent NM practice than is the current U.S. standard.
Let us take a moment to look back before we look forward. We

can draw multiple lessons from the past to reflect on the evolution
of medical practice that is relevant to this discussion. At one time,
radiologists could practice radiation oncology. In the 1970s, the
American Board of Radiology recognized that therapeutic radiol-
ogy and diagnostic radiology (DR) had different needs for training
and experience (2). As a result, the American Board of Radiology
discontinued training in general radiology inclusive of both

diagnostic and therapeutic radiology and divided the field. In addi-
tion, the American Board of Radiology further changed training
requirements in 1997 and added a year of training such that the
program became 4 y after internship (3).

In 1999, the Committee on Advanced Subspecialty Training
brought together disparate specialties in establishing standards for
training and competence. Before this committee, some physicians
believed they were competent to practice angiography-based neu-
rointerventional and endovascular surgery after participating in a
mini fellowship that may have been of variable quality and length.
Subsequently, leaders from neurology, radiology, and neurosurgery
convened and established strict training and practice standards and
pathways by which those from neurology, neurosurgery, or radiol-
ogy backgrounds could achieve the training required to gain
credentialing in neurointerventional practice (4). In this instance, it
is worth noting that someone trained in radiology cannot simply
complete this extra year alone but must do a neuroradiology fellow-
ship year first or have been trained in a hybrid program.
The so-called disruptive technology of hybrid imaging brought

our specialty to new heights of clinical interest and impact and
required an expansion in training on cross-sectional anatomic imag-
ing (5), leading to lengthening of NM residency training starting in
2007 (6,7). This was accomplished through partnership with radiol-
ogy programs that specialize in this type of training but also engen-
dered considerable angst about who would be allowed to read
PET/CT in clinical practice. Nonetheless, this disruption was a ben-
efit to patients and our field.
Once again, we face a similar challenge with theranostics, in

which radiopharmaceutical therapy is at the heart of NM practice but
also benefits from other clinical disciplines familiar with the treat-
ment of cancer, especially radiation oncology and medical oncology.
As was the case for PET/CT, the challenge of multidisciplinary
training creates territorial controversy over who should practice
radiopharmaceutical therapy. Recent divisive statements from the
American Society for Radiation Oncology suggest that theranostics’
home should be largely within radiation oncology (8–11). Though
radiation oncologists have good training in the management of a
variety of cancers and are well versed in radiobiology and radiation
toxicity, there seems less attention paid to the critical differences
between external-beam and unsealed-source radiotherapy, the intrica-
cies of internal dosimetry, the importance of relevant image interpre-
tation, and other unique aspects of care for theranostics patients.
Even though radiopharmaceutical therapy is part of the required

curriculum for radiation oncology, and has been for some time
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(12), many of us at academic centers with radiation oncology
training programs find that because of scheduling difficulties and
clinical demands in the trainees’ primary specialty, it is often diffi-
cult for them to have continuity with patients over time to observe
important concepts. Even for radioiodine therapy for thyroid dis-
ease, the training provided by most radiation oncology programs
is cursory at best, not infrequently consisting of observing the min-
imal number of procedures in NM and often missing the clinical
consultation for the same patient, which involves key decision-
making, including radiation safety considerations.
With this history as a background, we would like to address

Dr. Graham’s points and offer potential solutions. One of his sugges-
tions is to “stop inadequately trained radiologists from practicing
NM.” This statement needs to be broadened to read, “stop inade-
quately trained physicians from practicing NM.” We agree that the
4mo or less in which DR residents train in NM are insufficient to
practice NM at a higher level. Yet, attempting to exclude DR-certified
physicians from the practice of basic NM diagnostics (e.g., bone scans
and 18F-FDG PET/CT) will likely be a quixotic effort and precipitate
an even greater shortage of qualified readers. Rather, we suggest mak-
ing sure that more advanced practice components of NM—such as
parenteral radiopharmaceutical therapy—are performed by physicians
well trained in these areas, as is the case for NM-certified physicians.
For example, in internal medicine, general practitioners contribute to
the management of patients with minor or well-treated cardiac disor-
ders, but advanced practice and procedures are reserved for board-
certified cardiologists, many of whom have subspecialty training in
advanced cardiology practices (13).
Dr. Graham suggests adding “one more year to the NM residency

program that would be primarily research but could also emphasize
involvement in radionuclide therapy, since that is becoming a grow-
ing part of what we do.” In terms of training, we note that the rapid
evolution of therapeutic radiopharmaceutical practice in the last few
years has led to changes in requirements for training in the form of
milestone updates from the Accreditation Council for Graduate Med-
ical Education and procedure requirements from the American Board
of Nuclear Medicine, which acknowledge the need for additional
training in the context of many new agents, including both b- and
a-emitters, that create complex clinical management questions. With
that said, we strongly agree with this suggestion of additional training
in radionuclide therapy for those practicing theranostics, with an
opportunity for clinical or translational research for those centers
with active therapy research programs. The future of NM as a pre-
ferred specialty for radiopharmaceutical therapy depends on our abil-
ity to help direct treatment integration across specialties and to
manage the toxicities of our treatments in myriad patient populations.
Here in the United States, we can ask our clinical collaborators in
medical oncology and radiation oncology to help cross-train NM
residents and fellows, just as we may also help train their residents
and fellows. Collaborating in training would not only give a greater
understanding of the next steps in therapy, about which some of our
patients may inquire on clinical visits, but also enhance the mutual
respect of each discipline.
Perhaps it is time to start a Committee on Advanced Subspecialty

Training of our own. We propose that it is time not only for a shift in
practice similar to what occurred in the 1970s vis-!a-vis radiology and
radiation oncology but also for establishment of training and qualifica-
tion in theranostics such as the Committee on Advanced Subspecialty
Training process by leaders in radiation oncology, radiology, medical
oncology, and NM. We realize that in most cases, this will lead to an
addition of time to existing training and not simply a repurposing of

already allotted hours within an existing program. One such possibility
is the additional year that has already been proposed by the Society of
Nuclear Medicine and Molecular Imaging, after a request for proposals
for a nuclear oncology fellowship program with additional training in
theranostics (14). This additional year could include an emphasis on
theranostics (with relevant imaging and therapy training), physics, and
dosimetry. The Committee on Advanced Subspecialty Training could
decide how to fill gaps in knowledge related to those trained in differ-
ent disciplines and the appropriate additional hours required depending
on background. Understanding the management of sequential or com-
bined treatments and the toxicities of systemic anticancer therapy and
therapeutic radiation—all important to theranostic practice—should be
essential parts of training. For example, NM trainees may have less
exposure to training in areas such as palliative care, hospice, survivor-
ship, and nutrition and would benefit from expanding knowledge in
these areas. Again, these are simply suggestions and a starting point
from which discussion could commence; we do not seek to defini-
tively recommend the exact criteria within this short editorial.
On the topic of research training, Dr. Graham’s editorial laments

the demise of clinical and translational research in NM. Members
of the older generation of NM physicians, who were more likely to
come from specialties other than radiology, such as internal medi-
cine or NM-only programs, contributed greatly to research and
advancement in NM. However, the same can be said for practi-
tioners trained in radiology and NM, and in fact, the contribution
of DR/NM-trained physician researchers is increasing, benefiting
from the evolution of radiology training to include training of
physician–scientists in addition to clinical practitioners. At least 10
academic radiology departments have dedicated physician–scientist
training programs, at least 6 with National Institutes of Health
training grants and with more under development. The programs
are increasingly attracting research-interested medical students,
including those trained in MD, PhD, programs. Many physician–
scientist training programs have molecular imaging and NM as a
leading concentration for physician–scientist trainees. NM-focused
faculty comprise a large component of the Radiological Society of
North America’s Clinical Trials Methodology Workshop, with an
increasing fraction of workshop students who propose molecular
imaging/NM clinical trials as part of their workshop experience.
Our specialty can learn from—and build on—these multidisciplin-
ary experiences in translational and clinical research training to
advance research and physician–scientist research training.
Dr. Graham’s editorial argues that the NM workforce is becom-

ing increasingly strained in the United States and that—for multi-
ple reasons, including fewer Accreditation Council for Graduate
Medical Education–certified training programs, the penetrance of
DR into the field, and the perceived lack of dedication by interna-
tional medical graduates to NM—NM does not have the band-
width to meet the demand. He argues that we are paying the price
for the medical community’s poor impression of NM trainees,
who may find it difficult to find jobs after dedicated NM training
without also having radiology training. One point that Dr. Graham
makes is that “a significant weakness of the above discussion is
lack of hard data” on the outcome of training on future employ-
ment and the impact on the practice of NM. In this we agree with
Dr. Graham. It is difficult to make broad policy recommendations
without these reliable data. As such, we requested information
from the American Board of Radiology, American Board of
Nuclear Medicine, and Accreditation Council for Graduate Medical
Education DR and NM residency review committees. Although we
are grateful to those who did respond, we did not receive holistic
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information from all parties by the deadline of this article. We
would like to suggest that there be wide transparency of this infor-
mation for the betterment of all and the future of education.
Thus, we arrive at the final suggestion in Dr. Graham’s edito-

rial: “develop a strong and effective long-term informational cam-
paign directed at medical students,” which should be done at a
national level because directors of NM in individual programs
have “repeatedly failed” in this regard. We are grateful for the
nationally based approaches advocated by the Society of Nuclear
Medicine and Molecular Imaging, the American College of
Nuclear Medicine, and others. But we believe it is important not
only to look to the stars but also at ourselves. Many specialties
jockey for the attention of medical students. But if we make NM
and theranostic training a collaborative multidisciplinary path ded-
icated to creating an advanced patient-facing high-tech profes-
sional specialty, medical students will be drawn to the field. This
is, for example, the case for the new IR/DR integrated training
pathway, which is growing quickly in popularity. The Society of
Nuclear Medicine and Molecular Imaging is currently assembling
a new video campaign aimed to address all aspects of careers in
NM. This effort is laudable but will not fully replace the grassroots
endeavors that will be required to teach medical students locally
about our exciting and developing field. We all need to be willing
to be the change we want to see where this is concerned.
In summary, NM was built on a multidisciplinary approach to

radiopharmaceutical imaging and therapy, an inclusive approach that
brought together specialists from a variety of training pathways that
included medicine, radiology, endocrinology, and pathology, among
others. The future of the field in the United States depends on train-
ing NM practitioners who understand NM imaging and therapy prac-
tices, as well as the clinical and basic science that underpins practice.
This effort requires dedicated pathways and an integrated approach
to NM training. Existing as an independent specialty at the expense
of collaboration and cooperation with closely allied and essential dis-
ciplines may paradoxically weaken our field and our ability to care
for patients. We are stronger when we work together.
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In a recent editorial entitled, “The Future of Nuclear Medicine
in the United States,” Graham lists several major problems jeopar-
dizing the future of the field in the United States (1). These include
the dwindling number of active Accreditation Council for Gradu-
ate Medical Education–certified training programs, the low num-
ber of qualified trainees, the inadequate training (often only 1–2 y)
of future nuclear medicine physicians, the woefully inadequate
4mo of nuclear medicine training for radiologists, resulting in a
license to provide all diagnostic and therapeutic nuclear medicine
services (nuclear medicine is defined by the medical application of
radiopharmaceuticals for diagnosis and therapy; internationally,
only after extensive training can certified nuclear medicine person-
nel [physicians, technologists] administer these agents), and the
resulting shortage of the workforce required to provide quality
services for the rapidly evolving and growing field of theranostics.
Graham proposes solutions including more rigorous requirements

for licensing and extending nuclear medicine training by at least 1 y.
Yet, his proposed solutions are not sufficiently far-reaching. To
prosper in the United States, nuclear medicine requires a redesigned
training curriculum, stringent licensing criteria, and a status as a
well-integrated but independent department as outlined below.

A REDESIGNED CURRICULUM AND STRINGENT LICENSING
CRITERIA ARE NEEDED

We previously proposed a 4-y training program that matches
the educational standards applied worldwide (2). The first 3 y of
the training program should be mandatory for any physician seek-
ing single or dual board certification in nuclear medicine (e.g.,
radiologists, radiation oncologists, cardiologists, or internists). The
license to practice nuclear medicine services should be granted
only after certification by the American Board of Nuclear Medi-
cine. Training in hybrid imaging with our colleagues in radiology
and mastering the essentials of nuclear medicine are essential.
However, interpreting scans at high quality is only one of many
skills required to practice nuclear medicine. Training also requires
meaningful rotations and reciprocal experience in oncology, radia-
tion oncology, urology, neurology, cardiology, and endocrinology,

selected by trainee interest and preference. Figure 1 depicts the
domains of nuclear medicine and how these intersect and are inte-
grated with other disciplines. This is of particular importance with
the emergence of theranostics as a key component and growth
area of nuclear medicine. Patients deserve the best diagnostic and
therapeutic care by a team of exceptionally trained experts. The
demand for theranostic services will increase, and specialists need
to serve as consultants on an equal level with oncologists, urolo-
gists, and radiation oncologists to appropriately integrate nuclear
medicine therapies into patient care. Nuclear medicine has done
decades of research and translation to establish these therapies.
Only nuclear medicine has the license, the established infrastruc-
ture, the technical and nursing expertise, and the radiation safety
knowledge to provide these services safely. Nuclear medicine
must deliver these services competently and consistently at
high quality.

INTEGRATED INDEPENDENCE IS THE FOUNDATION
OF SUCCESS

Nuclear medicine is a highly successful independent specialty
in most parts of the world. The lack of independence is among the
key reasons for its current problems in the United States. Although
close collaborations with radiology are necessary and highly desir-
able, they are not sufficient (Fig. 1). Integration of some aspects of
training and practice does not preclude independence. Nuclear
medicine departments headed by certified or dual-certified nuclear
medicine experts need to become the rule rather than the very rare
exception. This is because programmatic and fiscal responsibility
foster a sense of ownership that is among the strongest drivers of
progress and success in research and the clinic. The research and
clinical investments depend on the expertise of the investors. In
nuclear medicine, the investors should be nuclear medicine
experts. They need direct access to highest-level decision makers
in hospitals and academic centers to move the field forward.
Such direct access is often not available at the level of radiology
divisions.
As Graham emphasizes (1), research is the backbone and core

and is essential for the future of nuclear medicine. Nuclear
medicine has integrated biology, radiation biology, radiochemis-
try, physics and instrumentation, radiopharmaceutical sciences,
radiochemistry, and pharmacology to create molecular imaging
with PET and SPECT and to develop the field of theranostics and
radiopharmaceutical therapies (Fig. 1). Science is the foundation
of what we do. Our research priorities are different from those
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of other fields. That is why integrated but fiscally independent
nuclear medicine departments with programmatic decision power
need to become the rule in the United States.
In summary, training programs need to produce highly compe-

tent consultants who provide diagnostic and therapeutic nuclear
medicine services, well integrated in the care of patients. Only
fully trained specialists should be licensed to provide diagnostic
and therapeutic nuclear medicine services. We thus agree with
Graham but suggest a more forceful approach based on integrated
programmatic and fiscal independence. In the United States, we
need completely revised board certification and stringent licensing
standards. We must promote nuclear medicine as a highly sophisti-
cated individualized breakthrough technology to attract young tal-
ent to the field. All this can result in a revitalized, vibrant,
financially healthy, academically exciting, and clinically powerful
discipline matching the status and promise of the field in other
parts of the world.
Implementation of a more rigorous and expansive curriculum

following international models (3,4) will take time and thus will
not address the urgent problem of the shortage of well-trained

physicians. However, some strategies could
be immediately implemented. Centers of
excellence as certified by Society of
Nuclear Medicine and Molecular Imaging
should offer 1-y fellowships with compre-
hensive society-sanctioned curricula. These
could attract interested clinicians from
other disciplines, including radiology, radi-
ation oncology, and oncology. This time
could be credited toward board certification
in nuclear medicine for those who are
interested in dual certification.
There may be a risk that extending

nuclear medicine training may decrease the
interest and enthusiasm of potential trai-

nees. However, our field has recently become so attractive with its
leadership in precision medicine that a longer period of training
together with much improved professional opportunities might be
not only acceptable but in fact embraced.
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D I S C U S S I O N S W I T H L E A D E R S

Toward Integrated Independence
Johannes Czernin Discusses the Future of Theranostics with Ebrahim Delpassand, Eric
Rohren, andWolfgangWeber

Ebrahim S. Delpassand1, Eric M. Rohren2, Wolfgang A. Weber3, and Johannes Czernin4
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Johannes Czernin, MD, editor-in-chief of The Journal of
Nuclear Medicine, spoke with 3 international leaders in nuclear
medicine about the future of theranostics and the challenges in
training practitioners with a new set of skills that cross disciplines
to deliver integrated and innovative care. The discussion included
Ebrahim S. Delpassand, MD, who, after a distinguished academic
career at M.D. Anderson Cancer Center (Houston, TX), founded
Excel Diagnostics and Nuclear Oncology Center and RadioMedix
(both in Houston); Eric M. Rohren, MD, PhD, Chair of the
Department of Radiology at Baylor College of Medicine (Houston,
TX); and Wolfgang A. Weber, MD, Professor and Chair of the
Department of Nuclear Medicine at the Technical University of
Munich (Germany).
Dr. Czernin: Today we are looking at the status and future of

theranostics and at what will be needed to meet the high demands
of clinical theranostic services. First, Abe, tell us a little about
your background in theranostics.
Dr. Delpassand: After 12 years at M.D. Anderson, I moved to

private practice, with the idea of continuing to conduct clinical
research. I thought that we could probably do certain things faster
without big-organization red tape. Over the years, I filed several
Investigational New Drug (IND) applications to treat patients with
metastatic somatostatin receptor–expressing neuroendocrine tumors
(NETs). We filed the first physician-sponsored IND for 177Lu-
DOTATATE in the United States, at a time when patients had to
go to Europe or other parts of the world to receive peptide-receptor
radionuclide therapy. We also filed the first physician-sponsored
177Lu–prostate-specific membrane antigen–617 (177Lu-PSMA-617)
treatment study for castration-resistant prostate cancer in the
United States. Our IND paved the way for approval of the drug
after completion of the VISION trial, and the drug is now com-
mercially available. We now have an IND for a first targeted
a-emitter therapy for somatostatin receptor–expressing neuroendo-
crine cancers, using 212Pb-DOTAMTATE. We just completed
enrollment for this phase 2 clinical trial. The results are extremely
promising, and we hope to have this available to our patients as
soon as possible.
Dr. Czernin: Eric, you are Chair of Radiology at Baylor and

are dual certified in nuclear medicine and radiology. What is the
status of theranostics in your institution, and where is it going?

Dr. Rohren: We clearly see the
importance of theranostics. We are treat-
ing NET patients with Lutathera and are
launching PSMA-targeted theranostics.
We have patients who are very much in
need and would benefit from these very
expensive therapies. Something we are
struggling with is figuring out ways to
deliver care to patients who are under-
served and medically disadvantaged.
Dr. Czernin: Wolfgang, as chair of a

major European academic institution
with many years of experience in clini-
cal theranostics in the United States
and Europe, can you tell us about the
current demand for theranostics and
how you see the growth of the field?
Dr. Weber: We predict about 2,500

PSMA scans and 600 therapy cycles this
year, so there is quite a large demand. It’s
even more remarkable because we are
doing about the same number of 18F-FDG
PET scans. This is very different from the
United States. For some reason, Germany
has decided that FDG PET scans are
required only in rare circumstances. I
think that Germany has been so well pre-
pared for therapies because, as a result of
limited insurance coverage, FDG PET has
never become a big thing. In the United
States, FDG PET has been quite dominant
since 2000 from a volume and revenue
perspective, which has both deepened and
narrowed the training of U.S. nuclear
medicine physicians. In contrast, conven-
tional nuclear medicine, radionuclide ther-
apies, and providing thyroid cancer care
have remained integral parts of nuclear
medicine training in Germany.
Dr. Czernin: If FDG PET had not

been marginalized in Germany, it would have become the major
force of nuclear medicine there, too. But I think there is another
element at work here. In the 1990s and 2000s, nuclear medicine
politics in the United States were tightly focused on FDG PET
reimbursement. As a result, large sections of clinical nuclear
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medicine (but not preclinical programs) went into hibernation in
regard to all the theranostic developments in Europe. Abe, where
do you see the field going now?
Dr. Delpassand: I am a firm believer in developing new radio-

pharmaceuticals to push the envelope to respond to unmet needs
in oncology. a-emitters, such as 225Ac, 212Pb, or 211At, are the
wave of the future, and the future is here. With regard to ligands,
fibroblast-activation protein inhibitors are a hot topic, but their
therapeutic relevance needs to be investigated. We also are putting
significant resources behind targets such as the low-density lipo-
protein receptor that is expressed in glioblastoma and pancreatic
ductal adenocarcinoma. Both conditions are huge unmet needs in
oncology. Initial human images in new targeted agents in these
areas look quite promising.
Dr. Czernin: Eric, what do you see as the potential of

theranostics?
Dr. Rohren: We are only scratching the surface of what can be

accomplished with theranostics. We will refine and individualize
administered activity, dose schedules, and treatment sequencing.
The future will be driven by dosimetry and the introduction of
combination therapies. Our use of radiopharmaceuticals as mono-
therapies is out of step with most other current systemic treatments
that attempt to attack cancer with synergistic approaches.
Dr. Czernin: Wolfgang, what is your prediction in terms of the

overall future of this discipline?
Dr. Weber: PSMA therapy is used today in advanced prostate can-

cer, and we know that it is effective. We now need to systematically

study PSMA radioligand therapy in earlier stages and look at both
effectiveness and safety. Much depends on ongoing clinical trials
focusing on these questions—positive results could have implications
for a tremendous wave of new patients. I agree with Eric that, in gen-
eral, combination therapies will be increasingly important, as will
different therapies used earlier in the course of disease. We must
also focus on long-term toxic effects, relevant to patients who will be
treated earlier and live much longer. We need to know more about
predictors of specific organ toxicity derived from radiation dose calcu-
lations. Dosimetry, then, will be increasingly important as we move
to earlier stages of disease. If it becomes clear that toxicity is not an
issue in earlier-stage treatment with PSMA, there is great future
potential. Numerous theranostic agents for other diseases and targets
are already being researched, and these are likely to follow much the
same course of rapid development that we are seeing with PSMA.
Dr. Czernin: We all agree, then, that there is huge growth

potential, which leads to the more practical part of this discussion.
That is, how are we going to do this? How many centers will we
need? What patient volumes do we expect? Perhaps most impor-
tant, what is the optimal training for becoming a consultant who
gives the best advice about these treatments so that they are
deployed most appropriately? Who is going to deliver this care?
Dr. Delpassand: The number of these diagnostic and therapeu-

tic agents will only increase. I have no doubt that we will have
additional treatments and specific diagnostic probes for conditions
such as brain tumors, pancreatic and ovarian cancer, and other

major unmet needs in oncology in the next 5–7 years. During the
last 2 decades, many U.S. academic institutions closed their resi-
dency programs, and we are now seeing the results of this poor
choice. We need to revamp nuclear medicine residency training
programs in the United States and also revise their curricula to
meet the demand.
Dr. Czernin: How and where would the training happen?

Would it be in fellowships or part of the regular residency curricu-
lum? Where would people train?
Dr. Delpassand: We need to significantly adjust the curricula

of residency programs and train a new generation of nuclear medi-
cine physicians and scientists who are capable in theranostics, in
assessment and treatment of side effects, in research and develop-
ment, and in regulatory requirements for developing future radio-
pharmaceuticals. The centers with expertise in these areas should
be our training sites. This is essential for the field. If we don’t cap-
italize on the tremendous opportunity that we have right now to
train a future generation according to the needs of our specialty,
we are doing a great disservice to our patients and to our specialty.
Dr. Rohren: The skills that were historically needed to practice

nuclear medicine in the United States were very much focused
on diagnosis and hybrid imaging. Although nuclear medicine
certainly included therapies, physicians interested in molecular or
functional diagnostics often came to the specialty via the radiology
pathway. The world has changed. Now we need theranosticians at
the center of our activities. Skill sets from diagnostic radiology,
nuclear medicine, radiation oncology, medical oncology, and other

fields are needed. As Abe said, the portfolio of skills that we need
to put together so that a future physician can practice at the highest
level requires innovative thinking around training pathways. We
need to be able to manage the patient’s entire experience and
assume more clinical responsibility. If we develop dedicated fel-
lowship training, where will the trainees come from—only from
nuclear medicine or also from diagnostic radiology? The average
physician starting a radiology residency today has little to no inter-
est in the level of involvement that we’re talking about for thera-
nostics. How about radiation oncology? They have a mindset and
clinical training that overlap well with theranostics. What about
medical oncology? In my view, the ideal skill set for the theranos-
tician mixes bits and pieces of all these specialties. My preference
would be that we fully develop this pathway beginning with
nuclear medicine, recognizing that the field is rapidly expanding
with a strong demand for dedicated future practitioners.
Dr. Czernin: Our first duty is to protect patients, whatever spe-

cialty ultimately supports this new demand. We best protect
patients if we ensure that the people who deliver care are the best
trained to do this and are real experts at what they are doing.
They could come from any and all the specialties that you listed.
Dr. Weber: I would emphasize that one needs to take care of

and needs to be able to manage patients—not only the side effects
of therapy but all the usual problems that these patients have at
various stages of disease and treatment. How will we train physi-
cians in theranostics? They will need to learn the necessary

`̀ ….we need an independent specialty with training that encompasses diagnostic and therapeutic nuclear medicine
procedures, patient management, appropriate use of diagnostic and therapeutic procedures and interventions, and

also research and the regulatory principles of drug development. If we don’t do this, we are losing a huge opportunity
for the field and for our patients.´́
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anatomy for reading the images but also will need to be familiar
with all the relevant literature about alternative therapies and the
appropriate contexts in which to use radionuclide therapy. And
they will have to be able to talk to the patient and explain the pro-
cess. It makes a lot of sense to think about giving medical oncolo-
gists a shortcut to become nuclear medicine board-certified and the
same for other disciplines such as radiation oncology. Radiation
oncology can in some ways be a role model. Radiation oncologists
operate expensive radiation treatment equipment and need to know
anatomy to perform radiation treatment planning, but they also pro-
vide direct patient care. They have inpatients and manage patients
in collaboration with medical oncology, surgery, and other disci-
plines. We need to develop the same mindset for nuclear medicine.
Dr. Czernin: As you know from your experience in the United

States, to be certified in nuclear medicine currently, radiologists
essentially need 4months of training to be able to treat patients.
This is insufficient, inadequate, and, for providing therapeutic ser-
vices, irresponsible.
Dr. Delpassand: The time is now right to raise the bar to have

an independent specialty. We need to tell members of other spe-
cialties that if you want to practice nuclear medicine and theranos-
tics you need to go through deep training and understanding about
nuclear medicine. As you said, 4months of training does not give
them the knowledge needed to push the field forward.
Dr. Czernin: Wolfgang, can you tell us a little bit about the

5-year training that you have in Germany?
Dr. Weber: First, I agree 100% with what Abe just said: this

training must be a program that leads to certification and to a spe-
cific knowledge set. In Germany, the training program has been
5 years for quite some time. Within that period, the trainee must
be on a ward for 1 year, which can be a nuclear medicine ward or,
for example, an internal medicine ward. So there is already experi-
ence in dealing with inpatients. One year of training can be in radi-
ology and then 3 years must be spent in nuclear medicine. A lot of
nuclear medicine training in Germany involves taking care of thy-
roid patients. That’s a special situation in Germany, because iodine
deficiency has been common until fairly recently, as well as a high
prevalence of benign thyroid nodules. This is very different from
the U.S. situation, where there is no iodine deficiency and benign
nodules are much less common. In Germany, the result has been
that our trainees see many outpatients, not only to read their scans
but to adjust their medications. In many places nuclear medicine
takes care of the entire management of patients with benign
nodules, thyroid cancer, or other thyroid problems. That, of course,
is now valuable in running a theranostic center.
Dr. Czernin: How much of the future of theranostics is now

becoming political? In Europe, some academic centers are also
merging nuclear medicine with radiology. And there is some concern
in nuclear medicine that radiation oncology wants to compete for
theranostics. My question is: how much of this should be a political
issue, or should we really be focused on best patient care by very
well-trained experts, regardless of their origin in terms of training?
Dr. Weber: I very much like the previous statement that it’s not

about protecting nuclear medicine but about protecting patients; this

should be our guiding principle. Having said that, politics are
involved, because in order for theranostics to move forward we must
ensure that there are centers capable of performing translational
research in this field. The big success story of theranostic agents has
its origins in academic drug development in nuclear medicine. If we
say, for example, let radiation oncology do the therapy and radiology
do the imaging, then I don’t see who would develop new theranostic
agents. We should protect the patient, but we should also protect the
academic development of theranostic agents. This requires centers
that are focused on doing this. I am not sure whether radiation oncol-
ogy or radiology departments would see it as their main focus to
move theranostic agents from bench to bedside.
Dr. Czernin: I call this “integrated independence,” because a

sense of ownership is needed to continue to develop the field. I
once asked Wolfgang what would happen if nuclear medicine
becomes a division of radiology worldwide. He responded that
the first thing to die will be basic nuclear medicine research.
Although there are exceptions, in general a field can’t be devel-
oped based on being a small division of radiology; it is simply not
possible. That doesn’t mean that you cannot have excellent colla-
borations with radiologists and radiation oncologists, as all of us
have, but it should be an independent field that is self-driven, self-
motivated, has a sense of ownership, creates the business and sci-
entific model, and thereby becomes highly successful, as Wolfgang
just said.
Dr. Delpassand: In order to protect the patients, we need an

independent specialty with training that encompasses diagnostic
and therapeutic nuclear medicine procedures, patient management,
appropriate use of diagnostic and therapeutic procedures and inter-
ventions, and also research and the regulatory principles of drug
development. If we don’t do this, we are losing a huge opportunity
for the field and for our patients. I like the term integrated inde-
pendence. Yes, we will work with all other disciplines, but nuclear
medicine specialists, with their background knowledge, will be
best suited to lead and address the unmet needs in oncology and to
develop new targeted radioligand therapy approaches. If we create
the right curriculum for this specialty, then the right applicants
will be attracted and, because the field is protected, they will feel
secure on the financial side and comfortable investing in this field
to become an expert in nuclear medicine.
Dr. Rohren: Politics are always present. Focusing on quality of

care and patient outcomes is paramount. Regardless of back-
ground, I think that someone who is devoted to the field of thera-
nostics and goes through a rigorous training program would be
welcomed into a big tent. My fear (and the major threat) is that
poorly trained or untrained individuals will want to take on the
role of theranosticians. We can and need to create a new, vibrant
specialty for people coming from diverse backgrounds focused
around the area of theranostics. We will create this pathway
toward optimal patient care and then encourage people to follow
that training pathway and join us in the future of the specialty.
Dr. Czernin: Thank you all for participating in this discussion. I

am hopeful that it will contribute to positive changes in the training
and expertise of nuclear medicine specialists as theranosticians.
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[68Ga]Ga-ABY-025 PET/CT Predicts Early Metabolic
Response in Metastatic Breast Cancer
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Imaging using the human epidermal growth factor receptor 2 (HER2)–
binding tracer 68Ga-labeled ZHER2:2891-Cys-MMA-DOTA ([68Ga]Ga-
ABY-025) was shown to reflect HER2 status determined by
immunohistochemistry and in situ hybridization in metastatic breast
cancer (MBC). This single-center open-label phase II study investigated
how [68Ga]Ga-ABY-025 uptake corresponds to biopsy results and early
treatment response in both primary breast cancer (PBC) planned for
neoadjuvant chemotherapy and MBC. Methods: Forty patients with
known positive HER2 status were included: 19 with PBC and 21 with
MBC (median, 3 previous treatments). [68Ga]Ga-ABY-025 PET/CT,
[18F]F-FDG PET/CT, and core-needle biopsies from targeted lesions
were performed at baseline. [18F]F-FDG PET/CT was repeated after
2 cycles of therapy to calculate the directional change in tumor lesion
glycolysis (D-TLG). The largest lesions (up to 5) were evaluated in all
3 scans per patient. SUVs from [68Ga]Ga-ABY-025 PET/CT were com-
pared with the biopsied HER2 status and D-TLG by receiver operating
characteristic analyses. Results: Trial biopsies were HER2-positive in
31 patients, HER2-negative in 6 patients, and borderline HER2-positive
in 3 patients. The [68Ga]Ga-ABY-025 PET/CT cutoff SUVmax of 6.0
predicted a D-TLG lower than 225% with 86% sensitivity and 67%
specificity in soft-tissue lesions (area under the curve, 0.74 [95% CI,
0.67–0.82]; P 5 0.01). Compared with the HER2 status, this cutoff
resulted in clinically relevant discordant findings in 12 of 40 patients.
Metabolic response (D-TLG) was more pronounced in PBC (271%
[95% CI,258% to283%]; P, 0.0001) than in MBC (227% [95% CI,
216% to 238%]; P , 0.0001), but [68Ga]Ga-ABY-025 SUVmax was
similar in both with a mean SUVmax of 9.8 (95% CI, 6.3–13.3) and 13.9
(95% CI, 10.5–17.2), respectively (P 5 0.10). In multivariate analysis,
global D-TLG was positively associated with the number of previous
treatments (P 5 0.0004) and negatively associated with [68Ga]Ga-
ABY-025 PET/CT SUVmax (P 5 0.018) but not with HER2 status (P 5
0.09). Conclusion: [68Ga]Ga-ABY-025 PET/CT predicted early meta-
bolic response to HER2-targeted therapy in HER2-positive breast
cancer. Metabolic response was attenuated in recurrent disease.

[68Ga]Ga-ABY-025 PET/CT appears to provide an estimate of the
HER2 expression required to induce tumor metabolic remission by
targeted therapies andmight be useful as an adjunct diagnostic tool.

Key Words: [68Ga]Ga-ABY-025; breast cancer; HER2 positive;
affibodymolecules; PET/CT
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Up to 20% of breast cancer cases have human epidermal
growth factor receptor 2 (HER2) overexpression with or without
HER2 oncogene amplification (1). Treatment with HER2-targeted
monoclonal antibodies, such as trastuzumab and pertuzumab (dou-
ble blockage), in combination with chemotherapy is the standard
of care in HER2-positive subtypes both in the neoadjuvant setting
and in the recurrent or metastatic setting (2). HER2-targeted thera-
pies act on the receptor level, and immunohistochemistry staining
of a biopsied specimen is required to confirm sufficiently high
HER2 expression in the neoadjuvant setting and is recommended
in the metastatic setting, with or without in situ hybridization
(ISH) (3). Even so, breast cancer is a heterogeneous disease, and
intertumoral HER2 expression may vary within the same patient
and over time (4).
Currently, treatment failure is relatively common, and cure remains

rare in metastatic disease (5). Hence, the possibility to evaluate the
HER2 status for the whole body is appealing (6). Efforts have been
directed toward using radiolabeled scaffold proteins, such as affibody
molecules, in combination with PET (7). An analog selected from
a billion-entry library, ZHER2:2891-Cys-MMA-DOTA (ABY-025),
demonstrated high affinity toward HER2, almost irreversible binding,
and favorable pharmacokinetics in both preclinical and clinical set-
tings (8–11).
ABY-025 was labeled with positron-emitting 68Ga (half-life,

67.6min), allowing patient imaging for up to 4h after injection
(9,10,12). [68Ga]Ga-ABY-025 PET/CT showed strong potential in
evaluating HER2 expression in patients with metastatic breast cancer
(MBC) in an early-phase clinical study (10). In addition to establish-
ing its safety and dose efficacy, the study found that uptake in tumor
lesions correlated well with the biopsy-determined HER2 status.
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Cutoffs using an SUVmax of 6.0 and 8.0 at 2 and 4 h after injec-
tion, respectively, were suggested for stratifying HER2-positive
lesions (10).
Trastuzumab resistance has been documented both as primary

and as acquired, prominently in previously treated patients (13,14).
With multiple lines of treatment currently available, early treatment
response evaluation using [18F]F-FDG PET/CT has become a valu-
able tool to guide treatment regimens both in primary breast cancer
(PBC) (15,16) and in MBC (17,18). This supports its use for early
metabolic response evaluation.
The primary endpoint was to correlate [68Ga]Ga-ABY-025 uptake

with biopsy immunohistochemistry staining in the therapy-naïve set-
ting and in the recurrent metastatic setting. The key secondary end-
points were to investigate whether [68Ga]Ga-ABY-025 PET/CT
predicts the treatment response and to investigate how previous treat-
ments affect the outcome.

MATERIALS AND METHODS

Patient Population
The current study was a planned interim analysis of a phase II study

embedded within a larger academically driven prospective open-label
phase II and phase III diagnostic trial, approved by the Swedish Medical
Products Agency (EudraCT 2017-002115-34; diarienummer, 5.1-2018-
30296; ClinicalTrials.gov, NC-T03655353) and the Ethical Committee of
Uppsala/€Orebro county (2017-467). All patients gave written informed
consent. Phase II of this study was initiated in September 2018 and
included a total of 40 patients. The final study examination occurred in
July 2021.

Women with newly diagnosed stage II or stage III PBC and planned
for neoadjuvant therapy or women with confirmed progression in
MBC and planned for HER2-targeted therapy concomitant with che-
motherapy were considered as candidates for this study. The inclusion
criteria included women with biopsy-confirmed HER2-positive or bor-
derline HER2-positive breast cancer, at least 1 tumor lesion of at least
1.0 cm, at least 1 tumor available for biopsy, a negative pregnancy test
and active contraceptive measures for women of child-bearing age, at
least 18 y of age, a predicted survival of more than 12 wk, and a
World Health Organization performance status of 2 or lower.

The exclusion criteria included women with biopsy-confirmed
HER2-negative breast cancer before enrollment in this study; other
coexisting malignancies; uncontrolled serious concomitant disease
including congestive heart failure, inadequate organ function such as
neutropenia, or abnormally high liver or kidney function tests (absolute
neutrophil count , 1,500 cells/mm3; total bilirubin $ 1.5 times the
upper limit of normal [unless the patient had Gilbert syndrome]; aspar-
tate transaminase [serum glutamic oxaloacetic transaminase] or alanine
transaminase [serum glutamic pyruvic transaminase] $ 5.0 times the
upper limit of normal; serum creatinine clearance , 30 mL/min); those
who were sexually active of child-bearing age and not willing to take
proper contraceptive measures; and patients assessed by investigators
to be unable or unwilling to comply with the protocol requirements.

Patients fulfilling the above-mentioned criteria underwent [68Ga]Ga-
ABY-025 PET/CT, [18F]F-FDG PET/CT, and image-guided biopsies at
baseline, followed by follow-up [18F]F-FDG PET/CT after 2 cycles of
guideline-based HER2-targeted treatment.

Production of [68Ga]Ga-ABY-025
The ABY-025 peptide was provided by Affibody AB. Production

of [68Ga]Ga-ABY-025 was done by a fully automated labeling proce-
dure using a disposable dedicated cassette system (Modular-Lab
PharmTracer, Eckert & Ziegler GmBh) with a radiochemical purity of
98% 6 1%, as described previously (12).

[68Ga]Ga-ABY-025 PET/CT
All scans were performed using a Discovery MI PET/CT scanner

(GE Healthcare), and scans included a section from the skull apex
to mid thigh. [68Ga]Ga-ABY-025 was injected intravenously (139 6

43 MBq; 327 6 29 mg of peptide), followed by PET/CT imaging at
3 h. Acquisition time was 4 min per bed position.

The first 10 patients were closely monitored by electrocardiograms
and clinical examinations during their stay at the PET center. All
patients received a phone call after 24 h from the time of [68Ga]Ga-
ABY-025 administration to record any adverse effects.

[18F]F-FDG PET/CT
[18F]F-FDG PET/CT was performed at baseline within 1 wk of the

[68Ga]Ga-ABY-025 PET/CT scan (median, 1 d). A follow-up [18F]F-
FDG PET/CT scan was performed after the second treatment cycle to
assess treatment response. Contrast-enhanced diagnostic CT was per-
formed as part of each [18F]F-FDG PET/CT protocol. Scans were
conducted according to a standard clinical protocol with injection of
3 MBq of [18F]F-FDG per kilogram of body weight 1 h before the scan.

PET Measurements
Images obtained from both [68Ga]Ga-ABY-025 PET/CT and [18F]F-

FDG PET/CT were analyzed at Uppsala University Hospital using
HYBRID 3D (HERMES Medical Solutions). SUVs were gathered for
subsequent analysis. To assess the metabolic response, [18F]F-FDG
PET/CT total lesion glycolysis (TLG; SUVmean 3 metabolic tumor vol-
ume) was measured in up to 5 of the largest lesions per patient both at
baseline and after 2 cycles of HER2-targeted treatment. The percentage
change in TLG (D-TLG) was calculated as 100 3 (TLG2 – TLG1)/
TLG1. A D-TLG lower than 225% was considered to be a positive
metabolic response to treatment. Clinical response was evaluated by
the attending physician as part of the routine patient follow-up visits.

Biopsies
Lesions were selected for study biopsies on the basis of uptake on

both PET scans and accessibility at a multidisciplinary trial conference
the day after the last baseline PET scan. The biopsied lesions were care-
fully located and manually defined on [18F]F-FDG PET/CT both at base-
line and at follow-up using [68Ga]Ga-ABY-025 PET/CT as a reference.
Biopsies taken (1 per patient; n 5 40) were centrally analyzed (Karo-
linska University Hospital) using immunohistochemistry and ISH techni-
ques. A biopsy sample was considered to be HER2-positive if the
immunohistochemistry score was 31 in more than 10% of the cell areas
or 21 in more than 10% of the cell areas with either a HER2/
chromosome enumeration probe 17 ratio of at least 2.0 or a HER2 copy
number of at least 6.0 by ISH. Biopsy results were considered to be bor-
derline HER2-positive if the immunohistochemistry score was 21, the
HER2/chromosome enumeration probe 17 ratio was less than 2.0, or the
HER2 copy number was 4.0–6.0 by ISH. Biopsy samples not fulfilling
the above-mentioned criteria were considered to be HER2-negative. The
term HER2 status was used to reflect either positive (HER2-positive) or
negative (HER2-borderline/negative) expression.

HER2-Targeted Treatment
Patients planned for neoadjuvant treatment and patients with first-time

recurrent disease received trastuzumab, pertuzumab, and chemotherapy
according to guidelines, whereas patients with multiple recurrent disease
received trastuzumab emtansine.

Statistical Analysis
PET metrics were reported as mean 6 SD unless otherwise stated.

Receiver operating characteristic curve analysis was used to investigate
the predictive value of the variables and to define a cutoff for [68Ga]Ga-
ABY-025 SUVmax determining HER2 positivity. Bivariate and multivari-
ate analyses were used to investigate associations between PET metrics,
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biopsy results, and outcomes. Nonparametric ANOVA was used to inves-
tigate the means in patient groups stratified on the basis of the number of
previous treatments. Statistical analyses were performed with Prism 8
(GraphPad Software) and JMP statistical software. A P value less than
0.05 was considered to be statistically significant.

RESULTS

Patient Characteristics
Patient characteristics and descriptive data are shown in Table 1.

Forty patients were consecutively enrolled from September 2018
through July 2021. Nineteen patients had PBC, and 21 patients had
MBC. Twenty patients were treatment-naïve; 12 had received 1–3
treatments, and 8 patients had received more than 3 treatments
before this study. Biopsy results were HER2-positive in 31 patients,
borderline HER2-positive in 3 patients, and HER2-negative in 6
patients (Table 2). All patients received HER2-targeted therapy
during the trial with or without chemotherapy, except for 1 patient
in the HER2-negative group, who received chemotherapy only.
HER2-targeted therapy was given on the basis of the patients’

initial HER2 status before enrollment. The study flow diagram
according to the Standards for Reporting Diagnostic Accuracy is
shown in Figure 1. All patients completed all planned PET/CT scans.
One lesion per patient was successfully biopsied and analyzed
(Fig. 2). The tissue types of biopsied lesions and their corresponding
HER2 status according to immunohistochemistry and ISH are sum-
marized in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org). One patient with MBC was
diagnosed with breast cancer gene–mutated triple-negative disease
from the trial biopsy (HER2 score, 21; ISH, negative), after which
neoadjuvant treatment and the subsequent [18F]F-FDG PET/CT were
aborted and surgery performed instead. This patient had only faint
[68Ga]Ga-ABY-025 uptake (SUVmax, 4.6) in the tumor. There were
no adverse events attributable to the study drug throughout the study.

Tumor Lesions
We measured tracer uptake in up to 5 of the largest lesions per

patient, including the biopsied lesion. Anatomic distribution of
measured lesions is shown in Table 2. In total, 134 lesions were

TABLE 1
Patient Characteristics and Descriptive Data

HER2 status*

Parameter Positive cases (n 5 31) Negative cases (n 5 6) Borderline cases (n 5 3)

Median age (y) 57 (29–89) 63 (45–78) 58 (53–62)

Estrogen receptor–positive ($10%) 14 (45%) 4 (67%) 2 (67%)

Stage

II 14 (45%) 0 1 (33%)

III 2 (7%) 1 (17%) 0

IV 15 (48%) 5 (83%) 2 (67%)

Molecular subtype

Luminal A 1 (17%)

Luminal B 3 (50%) 2 (67%)

HER2-positive 17 (55%)

HER2-positive/luminal 14 (45%)

Triple-negative 2 (33%) 1 (33%)

Neoadjuvant treatment

Primary 15 (48%) 1 (17%)

Metastatic 2 (6%) 1 (33%)

Previous treatments

PBC

None 17 (55%) 1 (17%) 1 (33%)

MBC

None 1 (33%)

1 1 (3%) 1 (17%) 0

2 5 (16%) 2 (33%) 0

3 3 (10%) 0 0

4 2 (6%) 1 (17%) 0

5 1 (3%) 1 (17%) 0

61 2 (6%) 0 1 (33%)

*Based on immunohistochemistry and ISH results.
Qualitative data are number and percentage; continuous data are median and range.
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included in the analysis: 31 breast lesions, 27 lung lesions, 29
bone lesions, 24 axillary lymph nodes, 13 liver lesions, and 10 in
other sites, such as muscle or remote lymph nodes. [68Ga]Ga-
ABY-025 SUVmax variation at the intrapatient level was observed,
with ranges among different lesions within 1 patient exceeding
10.0 in 11 patients (mean, 7.6; range, 1.2–39.1; Fig. 3C).

[68Ga]Ga-ABY-025 Uptake Compared with HER2 Status
In total, 12 patients showed a mismatch between PET and HER2

status, using SUVmax of 6.0 as a cutoff to distinguish HER2-
positive from HER2-negative expression (Fig. 2). No significant
association between [68Ga]Ga-ABY-025 uptake and HER2 status
was found (P 5 0.13).

Clinical and Metabolic Response
Thirty-two patients had either partial or complete metabolic

response after receiving 2 cycles of treatment. Clinically, 22 patients
had complete response, 11 had partial response, 2 had stable disease,
and 5 had progressive disease. Global D-TLG was significantly
associated with the clinical response (P , 0.0001).

TABLE 2
Anatomic Distribution and [68Ga]Ga-ABY-025 Mean SUVmax for Lesions Used in This Study

HER2 status

Positive (n 5 31) Negative (n 5 6) Borderline (n 5 3)

Site of disease Number SUVmax Number SUVmax Number SUVmax

Breast 26 (18) 10.16 6.9 3 (1) 6.06 2.4 2 (2) 6.863.1

Axilla 22 (2) 10.96 6.3 2 9.06 3.7 —

Liver 5 (3) 13.76 6 6 (3) 18.16 7 2 (1) 12.6610.5

Lung or distal lymph nodes 24 (5) 9.16 7.4 3 5.36 4.9 —

Bone 16 (3) 16.26 6.1 9 (1) 286 14 4 11.964.5

Other 8 15.86 17 2 (1) 3.96 0.4 —

Number of biopsied lesions is in parentheses, 1 per patient. SUVmax is mean 6 SD.

FIGURE 1. Diagram of recruitment and diagnostic classification of
study subjects, according to the Standards for Reporting Diagnostic
Accuracy. BC 5 breast cancer; ABY 5 [68Ga]Ga-ABY-025; IHC 5

immunohistochemistry.

FIGURE 2. Color-coded clinical response in patients with breast cancer.
x-axis is HER2 status according to immunohistochemistry with ISH from
trial biopsies (n 5 40). y-axis is corresponding uptake in biopsied lesions
using [68Ga]Ga-ABY-025 PET/CT. Red line indicates SUVmax of 6.0. BC 5

breast cancer.
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[68Ga]Ga-ABY-025 uptake predicted metabolic response after 2
cycles of treatment measured as D-TLG below 225%, with a best
cutoff SUVmax of 10.7 in all patients (area under the curve [AUC],
0.61; 56% sensitivity; 66% specificity; P 5 0.03; Fig. 4). Invasive
HER2 status of all 40 biopsied lesions showed 79% sensitivity and
37% specificity (AUC, 0.58; P 5 0.06) in all patients. This was a
prespecified analysis, which was followed by post hoc analyses. In
the MBC group, a cutoff SUVmax of 10.9 increased the accuracy
(AUC, 0.72; 71% sensitivity; 67% specificity; P , 0.001),
whereas invasive HER2 status had 71% sensitivity and 40% speci-
ficity (AUC, 0.56; P 5 0.3) in MBC.
A previously proposed SUVmax cutoff of 6.0 in MBC soft-tissue

lesions yielded 86% sensitivity and 67% specificity (AUC, 0.74
[95% CI, 0.67–0.82]; P 5 0.01) for prediction of positive meta-
bolic response (Fig. 4). In skeletal lesions, a best cutoff SUVmax

of 16.2 was significantly higher than in soft-tissue lesions (AUC,
0.81 [95% CI, 0.74–0.87]; 69% sensitivity; 83% specificity; P 5

0.003) (Fig. 4). Again, invasive HER2 status did not achieve a sig-
nificant predictive value (AUC, 0.56; P 5 0.5). Neither [68Ga]Ga-
ABY-25 uptake nor invasive HER2 status had a predictive value
in PBC (P 5 0.3).

A multivariate model for patient-level prediction of global
D-TLG using the number of previous treatments, global TLG at
baseline, [68Ga]Ga-ABY-025 SUVmax, and invasive HER2 status in
biopsied lesions as covariates showed independent significance for
the number of previous treatments (P 5 0.0004) and SUVmax in
biopsied lesions (P 5 0.018) but not for biopsy-derived HER2 status
(P 5 0.09) or baseline TLG (P 5 0.17; n 5 39). D-TLG on the
lesional level remained significantly associated with [68Ga]Ga-ABY-
025 uptake (P 5 0.0009) when adjusted for the number of previous
treatments, and this model achieved R2 of 0.30 (n 5 133; Fig. 5).
Global D-TLG per patient is listed in Supplemental Table 2.
In contrast to MBC, all PBC patients achieved metabolic re-

sponse regardless of [68Ga]Ga-ABY-025 uptake; the average
D-TLG was 227% (95% CI, 216% to 238%) in MBC and
271% (95% CI, 258% to 283%) in PBC (P , 0.0001). How-
ever, [68Ga]Ga-ABY-025 uptake was similar in both PBC and
MBC, with a mean SUVmax of 9.8 (95% CI, 6.3–13.3) and 13.9
(95% CI, 10.5–17.2), respectively (P 5 0.10).
D-TLG was significantly associated with the number of previous

treatments. All therapy-naïve patients achieved a metabolic response
regardless of the [68Ga]Ga-ABY-025 uptake. Patients with more than
3 previous treatments generally had poor metabolic responses, even
when high HER2 availability by PET was present (Fig. 5). Patients
with 1–3 previous treatments showed significantly better responses
than patients with more than 3 previous treatments (P5 0.0005).

DISCUSSION

The potential of [68Ga]Ga-ABY-025 PET/CT to quantify HER2
expression and to predict the treatment response was investigated

FIGURE 3. [68Ga]Ga-ABY-025 PET/CT and [18F]F-FDG PET/CT images
at baseline with [18F]F-FDG PET/CT follow-up after 2 cycles of treatment
in biopsy-confirmed HER2-positive disease. (A) Patient with high
[68Ga]Ga-ABY-025 uptake (SUVmax, 21), who previously received 3 lines
of treatment. [18F]F-FDG PET/CT follow-up showed complete metabolic
response. (B) Patient with low uptake (SUVmax, 5.4), who previously
received 3 lines of treatment. [18F]F-FDG PET/CT follow-up showed dis-
ease progression (D-TLG, 168%) despite HER2-targeted treatment. (C)
Patient with heterogeneous [68Ga]Ga-ABY-025 uptake, who previously
received 7 lines of treatment. [18F]F-FDG PET/CT follow-up showed het-
erogeneous response, with lesions higher in [68Ga]Ga-ABY-025 uptake
tending to have better response. Arrows indicate biopsy sites.

FIGURE 4. Receiver operating characteristic curve analysis of positive
metabolic response after 2 cycles of HER2-targeted treatment in breast
cancer patients according to [68Ga]Ga-ABY-025 uptake. Optimal SUVmax

cutoff (red circle and diamonds) was 6.0 (n 5 47; P 5 0.01) in soft-tissue
metastases (green line), 16.2 (n 5 28; P 5 0.003) in skeletal metastases
(blue line), and 10.7 (n5 133, P5 0.03) in all lesions (black line). Sensitivity
and specificity were 86% and 67%, 69% and 83%, and 56% and 66%,
respectively. Red line represents receiver operating curve for random
guess. At least 25% reduction in D-TLG was considered metabolic
response. AUC5 area under curve.
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in terms of associations of lesional [68Ga]Ga-ABY-025 uptake with
HER2 status and metabolic response. To summarize, [68Ga]Ga-
ABY-025 uptake correlated significantly with metabolic response
on the patient level, particularly evident in the MBC group. How-
ever, there was no significant association of [68Ga]Ga-ABY-025
uptake with biopsy-derived HER2 status, and the latter was not sig-
nificantly associated with a treatment response. Treatment response,
on the other hand, was significantly associated with the number
of previous treatments received. All treatment-naïve patients had
statistically significant metabolic and clinical responses regardless
of [68Ga]Ga-ABY-025 uptake.
The results showed that immunohistochemistry staining did not

always reflect the biologic availability of the receptors; a HER2-
positive biopsy sample with low [68Ga]Ga-ABY-025 uptake could
be explained by obstacles with tracer binding (14), potentially also
affecting the access of trastuzumab to the receptor, and a positive
biopsy with negative PET was associated with poor outcome in
the MBC group. A negative biopsy with high PET uptake is most
likely explained by sampling errors or heterogeneous intratumoral
receptor expression. A negative biopsy with positive PET was
more pronounced in liver and skeletal lesions, which are techni-
cally more difficult to target by image-guided needle biopsies, and
was not encountered in any of the biopsies from the PBC lesions.
We recorded 4 examples of clinical complete response in MBC
patients with a negative biopsy and positive PET (Supplemental
Fig. 1), indicating biopsy sampling errors as a likely source of dis-
crepancy. Similarly, other HER2-targeted PET tracers also showed
a discrepancy in uptake compared with the biopsy samples (19).
We found an inverse association between the number of previous

treatments and the metabolic response to current treatment. The more
treatments previously received, the higher the [68Ga]Ga-ABY-025
uptake required to induce a metabolic response (Fig. 5). On a lesional
level, [68Ga]Ga-ABY-025 uptake and the number of previous treat-
ments in combination explained 30% (R2 5 0.30) of the metabolic
response. The remaining 70% could be due to, among other factors,
clonal variation of drug resistance to HER2-targeted therapy as a
consequence of exposure to multiple previous treatments (13,14). It
is worth mentioning that in-patient heterogeneity had a direct effect
on evaluating the clinical treatment response, as some patients pro-
gressed despite HER2-targeted treatment, likely caused by clonal dif-
ferentiation (Fig. 2). On the other hand, all therapy-naïve patients

responded to treatment but to a variable extent and independently of
PET-defined receptor availability, suggesting that primary resistance
mechanisms were present in some untreated patients.
Predicting positive metabolic response to HER2-targeted ther-

apy in lymph nodes and soft-tissue lesions was possible using a
prespecified cutoff SUVmax of 6.0. However, in skeletal metasta-
ses, a higher cutoff value (SUVmax, 16.2) was observed (Fig. 4).
Skeletal metastases were generally found in MBC patients, and
the high cutoff value could reflect an aspect of treatment resis-
tance; however, D-TLG could also be confounded by a metabolic
flare effect as a consequence of an inflammatory response in bone
lesions (17). There were too few liver metastases in this cohort to
evaluate a potential correlation of [68Ga]Ga-ABY-025 uptake with
a reduction in metabolic response. No subject was diagnosed with
brain metastasis.
The ability of [68Ga]Ga-ABY-025 PET/CT to provide a whole-

body visualization of HER2 expression and to predict metabolic
response is advantageous (Figs. 3A and 3B) and exceeded the
biopsy-based approach in this cohort. The data available so far do
not allow us to claim PET’s superiority, but broader access to
HER2-targeted imaging will be needed if similar results are found
in larger future trials. In particular, HER2-based imaging tools
might provide a solution in situations where biopsies cannot be
performed safely or when biopsy results are inconsistent. A PET-
based approach to evaluate the appropriateness of targeted thera-
pies in heterogeneous disease and early therapy evaluation might
help avoid unnecessary side effects and might provide a more per-
sonalized opportunity for timely therapy corrections. The latter is
becoming increasingly relevant, as multiple lines of treatments are
currently available or in development (20,21). Biopsies remain
indispensable to assess other targetable disease mechanisms and to
identify patient-specific resistance mechanisms.
This study was initially intended as a multicentric phase II and

phase III study, and the current data are the results from a prespe-
cified interim analysis after inclusion of 40 patients. Unfortunately,
the coronavirus disease 2019 pandemic coincided with the study,
delaying our inclusion rate and prohibiting wider inclusion. In
effect, intersite reproducibility remains to be studied. As we could
not show a significant association between biopsy results and
PET, which was the main endpoint, the planned phase III trial was
aborted. Instead, further trials should focus on changes in clinical
management and outcome using HER2 imaging.

CONCLUSION

Immunohistochemistry staining and ISH are currently the gold
standards to determine HER2 status in breast cancer. However,
limitations in the metastatic setting still hinder accurate biopsy-
based evaluation of heterogeneous HER2 expression. Hence, the
advantage of noninvasive techniques such as [68Ga]Ga-ABY-025
PET/CT prevails. Although no correlation was found between
biopsy results and [68Ga]Ga-ABY-025 PET/CT uptake, the latter
showed a favorable predictive value in patients with MBC receiv-
ing HER2-targeted treatment. Patients exposed to multiple previ-
ous treatments were less likely to respond to treatment, and higher
[68Ga]Ga-ABY-025 uptake was needed to induce a metabolic
response.
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KEY POINTS

QUESTION: Does [68Ga]Ga-ABY-025 PET/CT show predictive
value concerning treatment outcomes in patients with recurrent
breast cancer?

PERTINENT FINDINGS: [68Ga]Ga-ABY-025 PET/CT showed
significant predictive value in the recurrent breast cancer group.

IMPLICATIONS FOR PATIENT CARE: [68Ga]Ga-ABY-025
PET/CT enabled quantification of HER2 expression and prediction
of treatment outcomes in patients with recurrent breast cancer.
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The purpose of this study was to determine the impact of [18F]FDG
PET/CT on the initial staging, restaging, clinical management, and out-
comes of patients with soft-tissue and bone sarcomas. Methods:
This single-arm, prospective multicenter registry enrolled 304 patients
with 320 [18F]FDG PET/CT scans (November 2018 to October 2021).
Eligibility included the initial staging of a grade 2 or higher or ungrad-
able soft-tissue or bone sarcoma, with negative or equivocal findings
for nodal or distant metastases on conventional imaging before
curative-intent therapy, or restaging of patients with a history of trea-
ted sarcoma with a suspicion or confirmation of local recurrence or
limited metastatic disease who were being considered for curative-
intent or salvage therapy. The presence of local recurrence or metas-
tases on [18F]FDG PET/CT was recorded. Clinical management after
[18F]FDG PET/CT compared with pre–[18F]FDG PET/CT planned man-
agement and quantitative metabolic tumor parameters (SUVmax, met-
abolic tumor volume, total lesion glycolysis) were correlated with
the outcome data for 171 patients. Results: At the initial staging,
[18F]FDG PET/CT detected metastases in 17 of 105 patients (16.2%)
with no metastases on conventional work-up and confirmed metasta-
ses in 44 of 92 patients (47.8%) with equivocal findings for metasta-
ses. At the time of restaging, [18F]FDG PET/CT detected local
recurrence in 37 of 123 patients (30.1%) and distant metastases in 71
of 123 patients (57.7%). Overall, the change in treatment intent and
treatment type was recorded in 64 of 171 cases (37.4%) and 56 of
171 cases (32.8%), respectively. The presence of metastases on
[18F]FDG PET/CT was associated with shorter progression-free sur-
vival at the initial staging (P 5 0.04) and shorter overall survival at the
time of recurrence (P 5 0.002). All quantitative metabolic tumor para-
meters correlated with progression-free survival and overall survival.
Conclusion: [18F]FDG PET/CT frequently detects additional sites of
disease compared with conventional imaging in patients with sarco-
mas that were being considered for curative-intent or salvage therapy.
This increased detection impacts the clinical management in a third of
patients referred for initial staging or presumed limited recurrence after

primary therapy. The presence of metastases on [18F]FDG PET/CT is
associated with poorer outcomes.

Key Words: [18F]FDG; PET/CT; sarcoma; management change; out-
comes; survival; quantitative
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Sarcomas are uncommon malignancies accounting for less than
1% of adult solid tumors. A recent comprehensive review including
78,527 patients in the United States showed that the most common
subtypes are soft-tissue sarcomas (STSs), with more than 50 distinct
histologic subtypes, and that most tumors are high-grade and at least
5 cm at diagnosis. These tumors are a heterogeneous group, with
variable outcomes and an overall 5-y cause-specific mortality rate of
28.6% (1). The management of sarcomas is complex and requires a
multidisciplinary approach. Approximately 10%–20% of patients
present with metastatic disease, with metastatic patterns varying by
tumor subtype. When the tumor is localized, treatment involves
surgical resection with or without neoadjuvant therapy (2). How-
ever, treatment options are usually limited to systemic therapies in
patients who develop metastases, except for patients with limited
or isolated metastases that can be completely removed or ablated
(2,3). Reported survival rates are generally better after surgical
resection of metastases, with metastasectomy identified as the most
important prognostic factor for survival on multivariate analysis
and with long-term survival possible for patients with prolonged
disease-free intervals and those in whom complete resection of pul-
monary and extrapulmonary metastases is possible (3,4).
Disease extent, at baseline and at the time of recurrence after

primary therapy, is vital for optimal therapy planning. Radiogra-
phy, CT, and MRI are the imaging modalities of choice to delin-
eate local tumor extent, depending on the specific primary tumor
site. The initial imaging work-up and surveillance are tailored
according to the subtype of the tumor and its propensity for speci-
fic metastatic sites. The National Comprehensive Cancer Network
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guidelines (version 2.2021) recommend CT or PET for assessment
of regional lymph node metastases for angiosarcoma, clear cell
sarcoma, epithelioid sarcoma, rhabdomyosarcoma, and synovial
sarcoma and MRI or CT of the abdomen and pelvis for angiosar-
coma, epithelioid sarcoma, and myxoid or round cell liposarco-
mas. Similarly, the guidelines recommend brain MRI for staging
of angiosarcoma, alveolar soft-part sarcoma, and cardiac sarcoma
and spine MRI for myxoid or round cell liposarcoma because of
the risk of metastases to the brain and spine, respectively (5).
There are conflicting reports on the role of [18F]FDG PET/CT

in the staging of sarcomas, with the European Society of Medical
Oncology, National Comprehensive Cancer Network guidelines,
and American College of Radiology appropriateness criteria citing
PET/CT as optional for the initial staging of STS and bone sar-
coma (BoS) (5–7). To obtain further real-world data on the added
value of [18F]FDG PET/CT in BoS and STS, the Ontario PET reg-
istry in sarcoma was launched. Our hypothesis was that [18F]FDG
PET/CT will detect additional metastases or sites of recurrence
when compared with conventional imaging and that this increased
detection will influence patient management. The primary aim of
the current Ontario PET registry trial was to measure the impact
of [18F]FDG PET/CT on the initial staging, restaging, clinical
management, and outcomes of patients with BoS and STS as an
adjunct to conventional imaging (CT with or without MRI). Sec-
ondary aims included determining whether an association exists
among findings on [18F]FDG PET/CT, metabolic tumor para-
meters, and clinical outcomes.

MATERIALS AND METHODS

The Ontario PET registry for sarcomas is a multicenter prospective
registry study funded by the Ontario Ministry of Health. Data
were collected by Ontario Health–Cancer Care Ontario (OH-CCO) as

a continuation of studies initi-
ated by the Ontario Steering
Committee for PET Evalua-
tion. This registry was created
to strengthen existing evidence
for the use of PET/CT in
patients with BoS and STS as
an adjunct to the standard stag-
ing procedures, which include
clinical and conventional radio-
logic investigations.

Patients meeting the inclu-
sion criteria are referred to the
PET registry by oncologists
and surgeons treating sarcoma.
Data were collected through
OH-CCO. Analysis and pre-
sentation of the results of the
current registry were conducted
in accordance with OH-CCO’s
designation as a prescribed en-
tity for the purposes of section
45(1) of Ontario’s Personal
Health Information Protection
Act from 2004. As a prescribed
entity, OH-CCO is able to col-
lect personal health information
for the purpose of analysis or
compiling statistical information
with respect to the management,

evaluation, or monitoring of; the allocation of resources to; or planning
for all or part of the health system, including the delivery of services.
When planned analyses are assessed as compliant for these purposes, sep-
arate institutional research ethics board approval or patient consent is not
required. OH-CCO’s information management practices are reviewed on
a triennial basis by the Information and Privacy Commissioner of
Ontario.

Inclusion Criteria
The inclusion criteria for this registry were as follows. The patient

had to be at least 18 y old with intermediate- or high-grade (grade 2 or
higher) or ungradable STS or BoS and with negative or equivocal
findings for metastases on conventional imaging before curative-intent
therapy, or the patient had to have a history of treated sarcoma with
suspected or confirmed recurrent disease—either local tumor recur-
rence or limited metastatic disease—and to be under consideration for
curative-intent or salvage therapy. Limited metastatic disease was
defined as metastatic disease that would potentially be amenable to
surgical resection or other ablative therapy. Conventional staging pro-
cedures (contrast-enhanced CT with or without MRI) were chosen by
the treating oncologist depending on the specific tumor type and com-
pleted before inclusion in the registry.

Study Procedures
Patients were scanned at 1 of 9 PET/CT centers across the province

of Ontario, Canada, between November 1, 2018, and October 31, 2021.
Pre–[18F]FDG PET/CT patient treatment intent (curative, palliative) and
a management plan if [18F]FDG PET/CT was not performed were
collected on dedicated case report forms. Conventional imaging work-
up before PET (CT with or without MRI) was tabulated. PET scans
were obtained on integrated PET/CT scanners using standard local
PET imaging protocols. These included an unenhanced low-dose CT

FIGURE 1. Tumor segmentation of
58-y-old man with 16.7-cm left retro-
peritoneal dedifferentiated liposarcoma
at initial staging. Segmented primary
tumor in whole-body [18F]FDG PET
maximum-intensity-projection image
showing SUVmax of 28.2, MTV of
1,652.3 cm3, and TLG of 13,383.6 g.
BW5 body weight.

Id
en

tif
ic

at
io

n
Sc

re
en

in
g

El
ig

ib
ili

ty
In

cl
ud

ed

Participants in Provincial Sarcoma PET Registry
between Nov 2018 and Oct 2021

(n = 347)

Initial staging
(n = 207)

Restaging
(n = 140)

Records screened
(n = 347)

Final cohort (n = 320), in 304 participants

Excluded (n = 27):
• Duplicate exams (n = 23)*
• Missing PET data (n = 4)

FIGURE 2. Patient flow. Duplicate scans for same indication performed
within 6 mo, with only last [18F]FDG PET/CT scan for each indication
included. Asterisk represents patient flow.
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scan preceding a PET image acquisition from the top of the skull to the
upper thighs or to the feet in the case of lower-extremity tumors, with
the patient in the supine position. [18F]FDG PET/CT was interpreted
by a local nuclear medicine physician/radiologist who recorded the
[18F]FDG avidity of the primary tumor or local recurrence (as relevant)
and the sites of metastatic disease on [18F]FDG PET/CT and documen-
ted the results on dedicated data collection sheets. The presence or
absence of metastases, sites of metastases, and observations equivocal
for metastases on CT and [18F]FDG PET/CT, as determined by the
interpreting physician, were documented and compared.

Post–[18F]FDG PET/CT Management and Outcomes
A review of the change in clinical management after [18F]FDG

PET/CT and the outcome data, including progression-free survival
(PFS) and overall survival (OS), were collected from a subset of
patients from 2 of the referring medical centers (University Health
Network and Mount Sinai Hospital). This retrospective analysis
received Institutional Research Ethics Board approvals, and the
requirement for informed consent was waived. For these participants,
the mode and date of conventional work-up before [18F]FDG PET/CT
were recorded. Treatment intent and type of treatment provided after
[18F]FDG PET/CT were recorded and compared with pre–[18F]FDG
PET/CT management plans. Two reviewers determined the change in
treatment intent or type by consensus, with an arbitrator if consensus
could not be reached.

PFS was defined as the date from biopsy to progression among the
staging cohort and the date from the [18F]FDG PET/CT scan to pro-
gression among the restaging cohort, with OS defined as the date from
biopsy to death from any cause.

Quantitative [18F]FDG PET/CT parameters, including SUVmax,
metabolic tumor volume (MTV), and total lesion glycolysis (TLG)
defined as the product of the SUVmean and MTV, were acquired on
dedicated PET/CT analysis software (Mirada XD3; Mirada Medical
Ltd.). Tumors (primary tumor, local recurrence, or metastases) were
autosegmented using an absolute SUVmax threshold of 2.5 with man-
ual fine tuning, when needed, as previously described (8) (Fig. 1).
One reader with 5 y of experience performed this assessment, except
when tumor delineation was uncertain, in which case the assessment
was performed in consensus with a second reader with 20 y of experi-
ence. The correlation between the quantitative [18F]FDG PET/CT
parameters and the outcome measures was determined.

Statistical Analysis
Summary statistics were presented to evaluate patient demographic,

clinical, imaging, and treatment characteristics for the entire and sepa-
rate cohorts. A Wilcoxon rank sum test was used to compare imaging
characteristics among different groups of patients. A x2 test or Fisher
exact test was used to evaluate the correlation among findings on
[18F]FDG PET/CT, change in treatment intent, and change in treat-
ment type. The Kaplan–Meier method was performed for PFS and OS
analysis between groups for different cohorts. Comparisons between
cohort groups were conducted using a log-rank test. Cox proportional
hazard models were conducted to evaluate the effect of imaging char-
acteristics on PFS and OS. All statistical analyses were performed
using R, version 3.6.1 (R Foundation for Statistical Computing). P
values of less than 0.05 were considered to indicate statistically signif-
icant differences.

RESULTS

Demographics
There were 347 [18F]FDG PET/CT scans in the sarcoma registry

obtained between November 2018 and October 2021. After exclusion
of duplicate examinations and incomplete datasets, there were 320

TABLE 1
Presence of Metastases Before [18F]FDG PET/CT (Based on Conventional Work-up) and After [18F]FDG PET/CT for STS

and BoS and for Entire Cohort

Cohort Negative before PET Equivocal before PET Total

STS 168

Negative after PET 62 (72.9%) 37 (44.6%)

Positive after PET 14 (16.5%) 38 (45.8%)

Equivocal after PET 9 (10.6%) 8 (9.6%)

BoS 29

Negative after PET 17 (85%) 3 (33.3%)

Positive after PET 3 (15%) 6 (66.7%)

Equivocal after PET 0 0

All 197

Negative after PET 79 40 (43.5%)

Positive after PET 17 44 (47.8%)

Equivocal after PET 9 8 (8.7%)

TABLE 2
Distribution of Metastatic Sites on [18F]FDG PET/CT for

STS and BoS

Metastatic sites STS (n 5 168) BoS (n 5 29)

Lymph nodes 21 (12.5%) 0

Lung 18 (10.7%) 4 (13.8%)

Bone 0 4 (13.8%)

Liver 15 (8.9%) 0

Other soft tissue 8 (4.8%) 1 (3.3%)

Subcutaneous tissues 5 (3.0%) 0

Pancreas 2 (1.2%) 0

Adrenal glands 1 (0.6%) 0
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[18F]FDG PET/CT scans of 304 patients in the final study cohort
(Fig. 2), including 167 men (54.9%) and 137 women (45.1%), with a
median age of 57 y (range, 20–93 y). Of the 320 [18F]FDG PET/CT
scans, 197 were for initial staging of sarcoma, either STS (n 5 168)
or BoS (n 5 29), and 123 were for restaging due to local tumor
recurrence (n 5 44) or limited metastases (n 5 79). Thirty of
123 patients (24.4%) had histologically confirmed local tumor
recurrence or metastases, with the remainder having imaging suspi-
cion of recurrent disease.
Data on the change in management and outcomes, including PFS

and OS, from the 2 medical centers were available for 171 patients
with STS (142/171) or BoS (22/171) and referred for initial staging
(n5 95) or restaging (n5 76). Conventional imaging was performed
at a median (6SD) of 21 6 20.2 d from [18F]FDG PET/CT and con-
sisted of CT of the chest and abdomen, with or without the pelvis
(n 5 164); a chest radiograph (n 5 7); and MRI of an extremity
(n 5 37), the abdomen or chest (n 5 11), the spine (n 5 8), the pel-
vis (n 5 5), or the head (n 5 4). There were 91 men and 80 women
with a mean age of 54 6 16.5 y (range, 19–88 y). Histologic sub-
types for BoS included Ewing sarcoma (n 5 10), osteosarcoma
(n 5 9), and chondrosarcoma (n 5 3), and histologic subtypes for
STS included an undifferentiated or unclassified histology (n 5
43), liposarcoma (n 5 30), leiomyosarcoma (n 5 23), fibroblastic
or myofibroblastic tumors (n 5 18), vascular tumors (n 5 11),
rhabdomyosarcoma (n 5 10), or other (n 5 7). Tumor grade was
available for 105 patients, with most (93/105; 88.6%) having grade
2 or 3 tumors.

Initial Staging
The detection of metastases on conventional work-up (before

[18F]FDG PET/CT) and after [18F]FDG PET/CT is summarized in
Table 1 for the entire cohort and for BoS and STS separately.
Overall, [18F]FDG PET/CT detected metastases in 17 of 105
patients (16.2%) with no known metastases, and [18F]FDG PET/CT
confirmed metastases in 44 of 92 patients (47.8%) with equivocal
findings for metastases on conventional work-up. Metastases were
detected on [18F]FDG PET/CT in 52 of 168 patients (30.9%) with
high-grade or ungradable STS and 9 of 29 patients with BoS; the
sites of metastases are summarized in Table 2.

Restaging
For patients referred for restaging at the time of confirmed or

suspected local recurrence (n 5 44), [18F]FDG PET/CT was posi-
tive for local tumor recurrence in 21 of 44 patients (47.7%),
including in all 8 patients with histologically confirmed recurrence
before [18F]FDG PET/CT; equivocal in 1 of 44 patients (2.3%);
and negative in 22 of 44 patients (50%). In addition, [18F]FDG
PET/CT detected distant metastases in 19 of 44 patients (43.2%)
referred for suspected local recurrence and was equivocal for
distant metastases in an additional 2 of 44 (4.6%). For patients
referred for restaging due to confirmed or suspected limited metas-
tases, [18F]FDG PET/CT was positive in 52 of 79 patients (65.8%),
including in 16 patients with histologically confirmed metastases;
equivocal in 7 of 79 patients (8.9%); and negative for metastases in
20 of 79 patients (25.3%). Furthermore, 16 of 79 patients (20.3%)

and 6 of 79 patients (7.6%) with suspected
limited metastases were also positive or
equivocal, respectively, for local tumor
recurrence on [18F]FDG PET/CT.

Management Change and Outcomes
Metabolic Tumor Parameters. Meta-

bolic tumor data, including the SUVmax of
the primary tumor, local recurrence or
metastasis, MTV, and TLG, are presented
in Table 3. Although SUVmax was higher
for BoS, and MTV and TLG were higher
for STS, differences between the groups
were not significant.

Change in Management. A change in
treatment intent after [18F]FDG PET/CT

TABLE 3
Metabolic Tumor Parameters at Initial Staging and Restaging for Entire Sample and for Bone and STS Separately

Parameter Full sample (n 5 95) Osseous (n 5 10) Soft tissue (n 5 85) P

Initial staging

SUVmax 13.4 6 11.4 (1.0–72.1) 15.5 6 10.0 (2.6–26.4) 13.1 6 11.6 (1.0–72.1) 0.54

MTV 239.1 6 332.4 (0.0–1,652.3) 131.5 6 130.1 (0.2–367.6) 252.8 6 347.9 (0.0–1,652.3) 0.47

TLG 1,070.2 6 1,867.5 (0.0–13,383.6) 554.6 6 544.3 (0.1–1,654.2) 1,135.6 6 1,965.6 (0.0, 13,383.6) 0.56

Restaging 9.6 6 6.1 (1.4–29.5) 11.2 6 5.7 (3.1–24.9) 9.3 6 6.2 (1.4–29.5) 0.17

SUVmax 85.7 6 125.2 (0.0–554.6) 85.2 6 97.5 (0.8–259.7) 85.8 6 131.6 (0.0–554.6) 0.51

MTV 408.5 6 738.5 (0.0–4,360.8) 412.4 6 471.6 (2.2–1,306.6) 407.6 6 791.1 (0.0–4,360.8) 0.43

TLG 9.6 6 6.1 (1.4–29.5) 11.2 6 5.7 (3.1–24.9) 9.3 6 6.2 (1.4–29.5) 0.17

Data are mean 6 SD and range.

FIGURE 3. Pie charts depicting treatment intent before and after [18F]FDG PET/CT.
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was recorded in 64 of 171 patients (37.4%; Fig. 3), and a change in
the offered treatment type was observed in 54 of 171 patients
(31.2%; Fig. 4). The most common was a change mostly from
planned surgery or a combined surgical plan to the initiation of sys-
temic therapy; this change occurred in 21 of 171 patients (12.3%),
including 11 of 95 patients (11.6%) in the initial staging cohort and
10 of 76 patients (13.2%) referred for restaging.
Correlation Between [18F]FDG PET/CT and Outcome Mea-

sures. Survival data were available for 159 of 171 patients and
are summarized in Table 4. At the time of the initial staging, the
presence of metastases on [18F]FDG PET/CT was associated with
shorter PFS (median survival, 18.3 mo [range, 7.2–54.7 mo] vs.
29.1 mo [range, 18.2 mo–not achieved] for those with and without
metastases, respectively, on [18F]FDG PET/CT; P 5 0.04). For
patients with presumed limited disease recurrence, the presence of
metastases on [18F]FDG PET/CT was associated with shorter OS
(median survival, 60.7 mo [range, 51.8–183.7 mo) vs. not achieved
[range, 114.1 mo–not achieved] for those with and without metas-
tases, respectively; P 5 0.002; Fig. 5).
There was a significant correlation (P , 0.001) between PFS

and all metabolic tumor parameters, with hazard ratios of 1.05
(95% CI, 1.03–1.07) for SUVmax, 1.0016 (95% CI, 1.0009–1.0023)
for MTV, and 1.0003 (95% CI, 1.0002–1.0004) for TLG. Simi-
larly, there was a significant correlation between OS and SUVmax,
MTV, and TLG, with hazard ratios of 1.03 (95% CI, 1.01–1.06)
(P 5 0.016), 1.002 (95% CI, 1.001–1.003) (P , 0.001), and
1.0003 (95% CI, 1.0002–1.0005) (P , 0.001), respectively.

DISCUSSION

At the initial staging of patients with
ungradable or intermediate/high-grade
BoS or STS, [18F]FDG PET/CT frequently
detected additional sites of disease com-
pared with conventional imaging and con-
firmed metastases in nearly half of the
patients with equivocal findings on con-
ventional work-up. In the restaging setting,
[18F]FDG PET/CT detected metastases in
more than 40% of patients with confirmed
or presumed local tumor recurrence.
Tumor stage is one of the most important
prognostic factors for patient outcome. The
presence of metastases and the extent of
metastatic disease are likely to influence the

treatment approach, as was reflected in a change in treatment intent
and type of treatment given after [18F]FDG PET/CT in approxi-
mately a third of the registry patients.
Lung metastases are the most common sites of distant meta-

static disease, being detected in more than 20% of patients with
STS, most frequently in those with a primary tumor in the extremi-
ties (9). In primary BoS, lung metastases are detected in approxi-
mately 10% to more than 40% of patients, depending on the
subtype, with the highest frequency observed in those with osteo-
sarcomas (10,11). The rate of lung metastases in our cohort is
lower than the reported rates in other series (10.7% and 13.8% for
STS and BoS, respectively), likely because our patient population
was screened with conventional imaging before [18F]FDG
PET/CT, excluding those with overt distant metastases. Similarly,
we found liver metastases in nearly 9% of patients with STS on
[18F]FDG PET/CT, compared with a rate of less than 7% on CT or
MRI in a series of 687 patients (12). The location and frequency of
metastatic disease reported in various series in the literature likely
depend on the subtypes of sarcoma included and the type of imaging
performed. Although [18F]FDG PET/CT is limited in the detection
of lung metastases compared with CT, especially for metastases
smaller than 5 mm, for which detection rates may be as low as
15% (13,14), it detects distant metastases not appreciated on con-
ventional imaging in more than 16% of patients referred for initial
staging and in more than 40% of patients referred for presumed local-
ized tumor recurrence (Fig. 6)). [18F]FDG PET/CT provides addi-
tional important information on disease extent in these patients when

TABLE 4
Association Between Positive [18F]FDG PET/CT and PFS and OS

Parameter Positive on PET Metastases on PET Participants Events Median (mo) P

PFS No 26 7 72.2 (28.3–NA) 0.05

Yes 133 67 31.6 (23.8–54.7)

OS No 26 1 NA (NA–NA) 0.02

Yes 133 34 67.2 (54.7–183.7)

No 95 11 NA (114.1–NA) 0.01

Yes 64 24 60.7 (33.3–183.7)

NA 5 not achieved.
Data in parentheses are 95% CIs. Median values and 95% CIs are based on Kaplan–Meier method, and P values are from log-rank test.

FIGURE 4. Pie charts depicting type of treatment before and after [18F]FDG PET/CT.
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used as an adjunct to CT. These findings are in line with a previous
retrospective chart survey of 493 patients with high-grade BoS and
STS who underwent [18F]FDG PET/CT after CT/MRI, showing an
upstage rate (from M0 to M1) in 12% of cases after [18F]FDG
PET/CT (15). A further study including 117
patients with BoS and STS showed higher
sensitivity and overall accuracy for
[18F]FDG PET/CT than for a conventional
work-up for the detection of nodal and dis-
tant metastases, when compared with a ref-
erence standard of histology or imaging
follow-up, with the highest accuracy being
for a combination of [18F]FDG PET/CT and
conventional imaging (16). From our data,
we have demonstrated that the additional
information provided from PET translates to
a change in management in approximately a
third of patients and informs prognosis.
Although histologic proof of metastatic dis-
ease was not collected in our study, the pres-
ence of metastases on [18F]FDG PET/CT
performed at the initial staging of patients
with intermediate- or high-grade sarcoma
who were being considered for curative-
intent therapy was associated with shorter
PFS (P 5 0.04), and the presence of metas-
tases on [18F]FDG PET/CT performed for
restaging at the time of presumed limited
disease recurrence was associated with
shorter OS than in patients without metasta-
ses on [18F]FDG PET/CT (P5 0.002).
As reported previously in a few small-

scale studies, we observed a strong correla-
tion between SUVmax and patient outcomes,
including PFS and OS (17–20). In contra-
diction to a previous report by Reyes
Marl#es et al., we showed that both MTV
and TLG correlated with not only OS but

also PFS. This difference from the findings of Reyes Marl#es et al.
may be due to differences in patient populations and methodology,
as their study assessed the volumetric metabolic parameters of
the primary tumor only at the time of the initial staging whereas
our segmented tumor volumes included all sites of metabolically
active disease, perhaps better reflecting disease extent (19). All
of these metabolic tumor parameters were predictive of patient
outcomes.
There are limitations to the current study. First, the type of conven-

tional work-up before [18F]FDG PET/CT was left to the discretion of
the treating oncologist or surgeon. Although this may result in a non-
uniform work-up before [18F]FDG PET/CT, it is likely a reflection of
the heterogeneity of sarcomas, with differences in patterns of meta-
static spread or differences in the propensity of the different subtypes
for local recurrence. Second, we did not collect histologic proof for
the findings on [18F]FDG PET/CT or collect imaging follow-up for
equivocal lesions on conventional work-up that were negative on
[18F]FDG PET/CT, and it is possible that some of the lesions that
were considered metastases on [18F]FDG PET/CT were false posi-
tives; however, we used actual clinical outcomes as a surrogate to
validate the imaging findings. The presence of metastases on
[18F]FDG PET/CT correlated with OS in this preselected population
of patients who had no metastases or had equivocal findings for
metastases on conventional work-up. Third, [18F]FDG PET/CT scans
were interpreted locally by readers with variable experience, rather
than centrally, as reflects the design of this registry study aimed to
collect real-world data on the added value of [18F]FDG PET/CT in
this setting in clinical practice. Finally, we do not have direct data on

FIGURE 6. A 48-y-old man with shortness of breath. (A) Coronal contrast-enhanced CT of chest
shows 8-cm right pulmonary mass invading right main pulmonary artery (arrow) and further filling
defect in main pulmonary artery (star). (B) Corresponding [18F]FDG PET/CT coronal images show
intensely metabolically active centrally necrotic mass invading right pulmonary artery (solid arrow)
with separate tumor thrombus in main pulmonary trunk (dotted arrow). At surgery, 11.5-cm intimal
sarcoma of pulmonary artery was resected. (C) [18F]FDG PET maximum-intensity-projection image
performed 21 mo after surgery because of development of right adrenal nodule on CT (not shown)
confirms right adrenal metastasis (solid arrow) and identifies metabolically active right rib 11 and right
sacral lesions, consistent with bone metastases (dashed arrows). (D) Corresponding axial [18F]FDG
PET/CT images (left, CT; middle, fused PET/CT; right, PET) showing right adrenal deposit (solid
arrow) and metabolically active, expansile lytic lesion in right rib 11 (dashed arrow).

FIGURE 5. Kaplan–Meier OS curve for patients in restaging cohort, with
and without metastases.
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the impact of a change in the type of treatment given after [18F]FDG
PET/CT. However, better delineation of tumor extent likely results in
more appropriate patient management. Approximately 12% of
patients referred for either initial staging or restaging had their treat-
ment changed from surgery to systemic therapy. This change is most
likely explained by the detection of distant metastases on [18F]FDG
PET/CT, making systemic therapy the more suitable approach.

CONCLUSION

[18F]FDG PET/CT frequently detects additional sites of disease
compared with conventional imaging in patients with STS or BoS
who are being considered for curative-intent or salvage therapy.
Increased detection impacts clinical management in a third of
patients referred for initial staging or presumed limited recurrence
after primary therapy. The presence of metastases on [18F]FDG
PET/CT is associated with poorer outcomes.
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KEY POINTS

QUESTION: Does [18F]FDG PET/CT contribute—beyond
conventional imaging procedures—to the staging and
management of patients with grade 2 or higher BoS or STS
at initial presentation or at the time of presumed limited
recurrence?

PERTINENT FINDINGS: [18F]FDG PET/CT detected metastases
in 17 of 105 patients (16.2%) with no metastases on conventional
work-up at initial staging, local recurrence in 37 of 123 patients
(30.1%), and distant metastases in 71 of 123 patients (57.7%) at
restaging of presumed limited recurrent disease, resulting in a
change in treatment intent and treatment type in approximately 1
in 3 patients.

IMPLICATIONS FOR PATIENT CARE: [18F]FDG PET/CT
frequently detects disease sites beyond those seen on
conventional staging procedures, frequently impacting patient
management.
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Macrophages play an important role throughout the body. Antiinflam-
matory macrophages expressing the macrophage mannose receptor
(MMR, CD206) are involved in disease development, ranging from
oncology to atherosclerosis and rheumatoid arthritis. [68Ga]Ga-NOTA-
anti-CD206 single-domain antibody (sdAb) is a PET tracer targeting
CD206. This first-in-human study, as its primary objective, evaluated
the safety, biodistribution, and dosimetry of this tracer. The secondary
objective was to assess its tumor uptake. Methods: Seven patients
with a solid tumor of at least 10mm, an Eastern Cooperative Oncology
Group score of 0 or 1, and good renal and hepatic function were
included. Safety was evaluated using clinical examination and blood
sampling before and after injection. For biodistribution and dosimetry,
PET/CT was performed at 11, 90, and 150min after injection; organs
showing tracer uptake were delineated, and dosimetry was evaluated.
Blood samples were obtained at selected time points for blood clear-
ance. Metabolites in blood and urine were assessed. Results: Seven
patients were injected with, on average, 191 MBq of [68Ga]Ga-NOTA-
anti-CD206-sdAb. Only 1 transient adverse event of mild severity was
considered to be possibly, although unlikely, related to the study drug
(headache, Common TerminologyCriteria for Adverse Events grade 1).
The blood clearance was fast, with less than 20% of the injected activ-
ity remaining after 80min. There was uptake in the liver, kidneys,
spleen, adrenals, and red bone marrow. The average effective dose
from the radiopharmaceutical was 4.2 mSv for males and 5.2 mSv for
females. No metabolites were detected. Preliminary data of tumor
uptake in cancer lesions showed higher uptake in the 3 patients who
subsequently progressed than in the 3 patients without progression.
One patient could not be evaluated because of technical failure.
Conclusion: [68Ga]Ga-NOTA-anti-CD206-sdAb is safe and well toler-
ated. It shows rapid blood clearance and renal excretion, enabling
high contrast-to-noise imaging at 90min after injection. The radiation
dose is comparable to that of routinely used PET tracers. These find-
ings and the preliminary results in cancer patients warrant further
investigation of this tracer in phase II clinical trials.

KeyWords:CD206; single-domain antibody; PET/CT; phase I; tumor-
associatedmacrophages

J Nucl Med 2023; 64:1378–1384
DOI: 10.2967/jnumed.122.264853

Macrophages are important throughout the body. They play
a regulatory role in inflammatory processes and can adopt various
activation states. Although a binary M1–M2 macrophage activa-
tion paradigm has long been used, we now know that complex
macrophage subtypes exist in vivo (1). Macrophages expressing
the macrophage mannose receptor (MMR, CD206) are typically
considered antiinflammatory.
In oncology, tumor-associated macrophages vary from being

proinflammatory or immunostimulatory and antitumoral to being
immunosuppressive and protumoral (2–5). Macrophages expressing
CD206 play a regulatory role in the angiogenesis, invasion, and
migration of cancer cells and are considered protumorigenic (6).
Consequently, the presence of CD206-expressing macrophages was
shown to correlate with poor responses to multiple types of therapy
both in mouse tumor models and in patients (7–9). Beyond oncol-
ogy, the role of these macrophages is being investigated in many
other diseases, such as atherosclerosis, rheumatoid arthritis, sar-
coidosis, and inflammatory bowel disease (10–14).
Today, the presence of antiinflammatory macrophages can be

assessed by histologic examination of biopsy specimens, limiting
the assessment to only a few lesions and small areas within lesions.
The development of an anti-CD206 radiotracer would enable non-
invasive and whole-body detection of CD206 expression in patients
through molecular imaging, allowing different disease sites to be
evaluated in a single procedure (15).
Previous efforts in radiotracer development to visualize CD206

expression have mainly focused on the use of mannosylated com-
pounds, because these are naturally binding to CD206. However,
mannosylated tracers, such as 2-deoxy-2-[18F]fluoro-D-mannose,
68Ga-labeled NOTA-neomannosylated human serum albumin, and
[99mTc]Tc-Tilmanocept (Lymphoseek; Cardinal Health), can also
bind other pathogen-recognition receptors such as CD209, result-
ing in reduced specificity for the CD206 target (16–19).
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Here, we report on a phase I trial to assess this 68Ga-labeled,
NOTA-coupled, anti-CD206 single-domain antibody (sdAb) for
PET/CT imaging, which specifically targets CD206. The primary
objective was to assess the safety, biodistribution, and dosimetry.
The secondary objective was to evaluate tumor uptake of the
radiotracer in patients with malignant solid tumors (20–23).

MATERIALS AND METHODS

Full materials and methods can be found in the supplemental mate-
rials (supplemental materials are available at http://jnm.snmjournals.
org). Figure 1 depicts the trial design.

Approvals
This single-center, open-label, nonrandomized, first-in-humans clinical

trial (EudraCT 2017-001471-23, NCT04168528) evaluated the safety,
biodistribution, radiation dosimetry, and tumor imaging potential of
[68Ga]Ga-NOTA-anti-CD206-sdAb. The study has been approved by the
Belgian Federal Agency for Medicines and Health Products, the local
ethics committee (Universitair Ziekenhuis Brussel), and the Belgian
Federal Agency for Nuclear Control, and all subjects signed an informed
consent form. This study is in accordance with the Declaration of
Helsinki and the International Conference on Harmonization Guidelines
for Good Clinical Practice.

Patient Selection
Patients with a local, locally advanced, or metastatic solid tumor of at

least 10 mm were eligible. Important exclusion criteria were an Eastern
Cooperative Oncology Group score higher than 2, estimated glomerular
filtration rate below 50 mL/min/1.73 m2 (according to the Cockcroft–
Gault equation), and abnormal liver function (bilirubin . 1.5 times the
upper limit of normal and alanine transaminase . 3 times the upper limit
of normal). Supplemental Table 1 shows other inclusion and exclusion
criteria.

After a major power outage that occurred shortly after injection of
patient 5, PET/CT imaging at preset time points was impossible,
resulting in insufficient data. Therefore, the study protocol was
amended to include 7 instead of 6 patients. Data from 7 subjects were
available for evaluation of safety and tolerability; data from 6 subjects
were available for evaluation of biodistribution, dosimetry, and tumor
uptake.

Preparation of the Product
Anti-CD206-sdAb was produced by Q-biologicals NV, now part of

Amatsigroup, according to good-manufacturing-practice standards. This
patented sdAb is named NbhmMMRm3.49. Its generation is described
by Blykers et al. (22). NOTA-anti-CD206-sdAb and [68Ga]Ga-NOTA-
anti-CD206-sdAb were produced as previously described (23).

PET/CT Imaging
On average, 191 6 21 MBq (range, 174–236 MBq) of [68Ga]Ga-

NOTA-anti-CD206-sdAb, containing an estimated mass of 79.1 6

14.6 mg (range, 58.2–96.8 mg) of NOTA-anti-CD206-sdAb in 0.9%
NaCl containing 5 mg of ascorbic acid (pH 5.9–6.2), was injected as
an intravenous bolus. In each patient, 3 PET/CT scans were performed
at an average of 11 min (PET/CT 1), 90 min (PET/CT 2), and 150 min
(PET/CT 3) after injection.

Safety Assessment
All patients were interviewed before injection and at 3 and 24 h and

thoroughly examined before injection and 3 h after injection. Blood
samples to assess hematology, liver enzymes, kidney function, ions,
ferritin, and C-reactive protein were obtained before injection and at
6 h after injection. Cytokine analysis was performed on blood samples
obtained before injection and at 2, 3, and 24 h after injection.

Blood and Urine Samples
Peripheral venous blood samples were taken before injection of the

compound and at 2, 5, 10, 40, 60, 85, 120, and 180 min after injection.
Urine samples were collected at 35 6 10, 80 6 10, and 180 6 10 min
after injection. An additional blood sample was collected at least 3 mo
after injection and stored, together with a sample before injection, for
future antidrug antibody detection (24).

Whole-blood and plasma samples were counted against appropriate
standards of known dilution in an automatic g-well counter and, after
correction for decay and background activity, expressed as percentage
injected activity. Blood volume was estimated according to body
weight and height using the Nadler formula and the patient’s hemato-
crit (25). Based on the blood samples taken between the time of injec-
tion and 3 h after injection, blood and plasma time–activity curves
were calculated. Blood half-lives were calculated with a 2-phase expo-
nential decay model using Prism software (GraphPad Software).

Volume-of-Interest Definition
[68Ga]Ga-NOTA-anti-CD206-sdAb uptake in different organs was

determined using volumes of interest, drawn with MIM Encore ver-
sion 7.1.3 (MIM Software Inc.), for the following: blood-pool activity
in the left ventricle, liver, spleen, kidneys, adrenals, thyroid, and red
bone marrow; urinary activity in the bladder and ureter; and whole-
body activity. Biologic half-life was calculated using total-body activ-
ity over time, excluding urinary activity.

Dosimetry
Biodistribution data were expressed as decay-corrected uptake per

organ relative to the administered activity. For each organ in every
patient, a monoexponential fit was performed in OLINDA/EXM ver-
sion 1.0 (Vanderbilt University) (26). The total effective dose was cal-
culated for an adult male model and an adult female model.

SUV Measurements
SUVs were measured using Syngo.via

VB40 software (Siemens), with SUVs cor-
rected for body weight. Tracer uptake in the
liver, spleen, and bone marrow and left ven-
tricular blood-pool activity were measured by
the routinely used SUVmean parameter using a
spheroid volume of interest within the organ.

In patients with progressive disease, the
largest lesion was measured, as well as
lesions that turned out to be progressive and
were at least 10 mm. Progression-free sur-
vival and overall survival were retrospectively
assessed using the available patient data.
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FIGURE 1. Schematic representation of study procedures over time. IMP5 investigational medici-
nal product.
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RESULTS

Patient Characteristics and Inclusion
Seven patients were included. Table 1 summarizes the patient

characteristics.

Safety Assessment
Safety was assessed in 7 subjects. Eight adverse events were

documented (Supplemental Table 2). One adverse event (Common
Terminology Criteria for Adverse Events grade 1; National Cancer
Institute) was possibly related to the radiotracer. It was a transient
increase in headache, occurring in a patient with known brain
metastases that progressed at follow-up. In 1 patient, a severe
adverse event was recorded (stroke, Common Terminology Crite-
ria for Adverse Events grade 3) 56 d after injection and was con-
sidered unrelated. Clinical laboratory testing of blood, taken
before and 360min after injection, showed no significant changes
that could be related. No increase in blood cytokine levels was
observed after injection (Supplemental Fig. 1).

Pharmacokinetics and Biodistribution
Figure 2 shows PET/CT images representative for tracer biodis-

tribution. Blood-pool activity was visible at 11min after injection,
with a clear delineation of the heart and large blood vessels, and
subsequently decreases at the later time points. Uptake was mainly
seen in the liver, kidneys, spleen, and adrenals, already at 11min
after injection, and remained high at 90 and 150min after injec-
tion. In addition, low uptake in the bone marrow was seen at all

time points. Uptake in multiple organs was fast and stable and in
the kidneys even increased over time (Fig. 3).
The tracer was renally cleared and excreted in urine. Despite

high liver uptake, no signs of hepatobiliary excretion were visible.
SUVs were in line with the measurements presented in Figure 3,

confirming the highest average SUVmean of 15.86 2.6 at 90min
after injection for the liver, followed by the spleen and to a lesser
extent bone marrow and blood-pool activity measured in the left
ventricle (Supplemental Table 3). Only blood-pool activity clearly
decreases over time, representing the blood clearance of the tracer,
as shown in Supplemental Table 4.
Blood and plasma time–activity curves overlapped, indicating

that the tracer is not cell-bound in blood (Fig. 4). Blood and
plasma clearance were fast, with only 20% of injected activity
remaining in the total blood volume at 85min after injection
(Fig. 4). Blood half-lives were calculated at 7.5min (early phase)
and 78.8min (late phase).
Biologic half-life was on average 13.9 h (interval, 8.1–19.2 h).

This long half-life is explained by retention of the sdAb in the
major organs. No metabolites were detected in blood and urine
samples.

Dosimetry
Table 2 summarizes the average specific organ doses and effec-

tive dose for 6 subjects. The kidneys showed the highest organ
dose (male patients, 0.246 0.05 mGy/MBq; female patients,
0.266 0.06 mGy/MBq), followed by the liver, spleen, and urinary
bladder wall.

The average total effective dose (accord-
ing to International Commission on Radio-
logical Protection publication 103) was
0.026 0.001 mSv/MBq in male patients
and 0.036 0.001 mSv/MBq in female
patients. Given the mean injected activity
of 191 MBq in this study, the average
effective dose was 4.2 mSv for male
patients and 5.2 mSv for female patients.

Uptake in Tumor Lesions
Uptake in tumor lesions could be evalu-

ated in 6 patients. Tracer uptake above sur-
rounding background was visible in the
relevant lesions in 3 of 6 patients, with an
SUVmax higher than 2.0 g/mL (Table 3).

TABLE 1
Patient Characteristics

Patient no. Age (y) Sex Cancer type ECOG score Current therapy Previous lines

1 63 Male NSCLC 0 Pembrolizumab 0

2 69 Male NSCLC 1 Durvalumab 1

3 64 Male NSCLC 1 Pembrolizumab 0

4 54 Male NSCLC 1 Nivolumab 3

5 56 Male NSCLC 0 Atezolizumab 2

6 66 Male Atypical carcinoid 1 Watchful waiting 1

7 55 Male Renal cell carcinoma 1 Nivolumab 3

ECOG 5 Eastern Cooperative Oncology Group; NSCLC 5 non–small cell lung carcinoma.
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FIGURE 2. Normal biodistribution of [68Ga]Ga-NOTA-anti-CD206-sdAb. (A) Anterior maximum
intensity projections of patient 1 at 11min (left), 90min (center), and 150min (right) after injection.
(B) Axial PET/CT fusion image at 90min after injection, showing uptake in liver, spleen, kidneys, and
adrenals (arrows). No tracer uptake is visible in lung lesion of this patient.
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Images showing [68Ga]Ga-NOTA-anti-CD206-sdAb uptake in the
tumor lesion of patient 2 with an SUVmax of 4.0 g/mL are pre-
sented in Figures 5D–5F.
Although this was not part of the prospective study, survival

data were retrospectively assessed. Patient 2 showed progression-
free survival of 2mo. For 2 other patients with the highest tumor
uptake values (SUVmax, 2.0 or higher), progression-free survival
was 1mo (patient 4) and 9mo (patient 6). Three patients with the
lowest tumor uptake values all showed progression-free survival
until June 2022, which is a minimum of 28mo after injection.
Images of patients 1 and 2 are shown in Figure 5.

DISCUSSION

[68Ga]Ga-NOTA-anti-CD206-sdAb is an sdAb derived from
heavy-chain–only antibodies and was previously developed by our
research group for imaging of protumorigenic, CD206-expressing
macrophages in the tumor microenvironment, as well as in other
macrophage-related diseases (10,13,21–23,27). We here present
the data for safety (n 5 7) and for biodistribution and dosimetry
(n 5 6) in cancer patients. In addition, we report preliminary
tumor uptake results.
For safety, adverse events were monitored using clinical evalua-

tion and blood analysis. In addition, cytokine and ferritin levels
were measured in blood, because these can rise in cases of macro-
phage activation (28–30). No indication of such activation was
found, which is in line with the fact that CD206 does not signal

intracellularly (30). Only 1 possibly related
adverse event was noted, which was of
mild severity and, in retrospect, likely
resulted from disease progression. There-
fore, [68Ga]Ga-NOTA-anti-CD206-sdAb is
deemed safe for use in future clinical trials.
The biodistribution data are in line with

the preclinical results (21,22): highest
tracer uptake is seen in the liver, spleen,
and kidneys. Liver uptake likely results
from physiologic expression of CD206 by
the liver sinusoidal endothelial cells (31).
Kidney uptake is explained by the cortical
accumulation that is typically seen for pep-

tides and small proteins (32). Uptake in the spleen and bone mar-
row agrees with the presence of CD206-expressing immune cells
in these organs (33).
Fast blood clearance was confirmed for [68Ga]Ga-NOTA-anti-

CD206-sdAb and will enable imaging at early time points. Because
blood level activities did not decrease strongly beyond 90min, this
time point was selected for PET/CT imaging in the ongoing phase
II trial. The tracer is cleared by the kidneys, without arguments for
additional hepatobiliary clearance. No metabolites were detected in
blood and urine samples, indicating the stability of the compound
in vivo.
Whole-body and organ dosimetry was performed to assess the

radiation burden on the patients. The kidneys received the highest
organ dose, which was well below thresholds for deterministic
effects. With an average effective dose of 2.23 1022 mSv/MBq in
the adult male, the expected radiation burden is comparable to that of
commonly used tracers such as [18F]FDG (1.93 1022 mSv/MBq)
and [68Ga]Ga-PSMA (2.23 1022 mSv/MBq) (34,35).
Other research groups have used mannose-based radiotracers for

imaging of CD206-positive macrophages. Tahara et al. reported on
2-deoxy-2-[18F]fluoro-D-mannose as a noninferior tracer to [18F]FDG
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FIGURE 3. Relative organ uptake over time. Data are decay-corrected to time of injection and
shown as mean6 SD in 6 patients. %IA5 percentage injected activity; pi5 after injection.

FIGURE 4. Time–activity curve for total blood volume and total plasma
volume, expressed as percentage injected activity (%IA). Data are pres-
ented as mean6 SD of 7 patients.

TABLE 2
Organ Doses and Effective Dose

Organ Male organ dose Female organ dose

Kidneys 0.2416 0.048 0.2636 0.0517

Liver 0.1356 0.0138 0.1816 0.0188

Spleen 0.1196 0.0339 0.1456 0.0415

Urinary bladder
wall

0.04776 0.0118 0.06346 0.0161

Adrenals 0.04756 0.0129 0.05616 0.0150

Thyroid 0.02876 0.0207 0.03466 0.0250

Red bone marrow 0.02676 0.0038 0.02606 0.0035

Heart wall 0.02446 0.0244 0.02886 0.0059

Osteogenic cells 0.02146 0.0025 0.02886 0.0034

Effective dose,
ICRP 103

0.02196 0.0010 0.02696 0.0012

Effective dose,
ICRP 60

0.02176 0.0012 0.02716 0.0015

ICRP 5 International Commission on Radiological Protection.
Organ doses are in milligrays per megabecquerel. Effective

doses are in millisieverts per megabecquerel.
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for the visualization of high-risk atherosclerotic plaques in a rabbit
model (17). 68Ga-labeled NOTA-neomannosylated human serum
albumin has been investigated in atherosclerosis, myocarditis, and
pulmonary artery hypertension in animal models (18,36,37). Tilma-
nocept has been approved for human use, albeit only for local and
not for systemic administration, for the indication of sentinel node
identification. The data presented here are, to our knowledge, the first
human biodistribution data of a CD206-specific radiotracer using
systemic administration.
As a secondary and exploratory objective, tumor uptake values of

[68Ga]Ga-NOTA-anti-CD206-sdAb were quantified and retrospec-
tively confronted with time to progressive disease in these 6 patients.
Overall, uptake values were quite low, reaching an SUVmax of up to
4.0 g/mL. We observed that 3 of 6 patients, all with an SUVmax of
2.0 g/mL or higher, subsequently progressed, whereas the 3 patients
with lower tracer uptake had long-term, progression-free survival
(Table 3). This preliminary observation on only a small number of
subjects needs to be confirmed in prospective clinical trials before

conclusions about the predictive potential of [68Ga]Ga-NOTA-anti-
CD206-sdAb PET in cancer can be made. A phase II trial in which
tracer uptake is correlated with CD206 expression using immunohis-
tochemistry is ongoing (NCT04168528). In addition, lesional uptake
in patients with different disease types will be assessed to explore the
value of [68Ga]Ga-NOTA-anti-CD206-sdAb in macrophage-related
diseases (NCT04758650). If results would be positive, this tracer
could be used in the future to assess the prognostic value of these
macrophages for cancer survival and therapy responses, as well as in
other inflammatory diseases.

CONCLUSION

[68Ga]Ga-NOTA-anti-CD206-sdAb is a PET tracer that was
evaluated in patients to assess its safety, biodistribution, and
dosimetry. The tracer was confirmed to be safe, with a radiation
burden similar to that of other routinely used PET tracers. It shows
uptake in organs with known CD206 expression, such as the liver,

TABLE 3
SUVs in Selected Lesions

Patient
no.

Lesion-of-inclusion
location

Injected
activity
(MBq) SUVpeak SUVmax

Disease
progression

after injection*

Time to
progression
after injection

(mo)

Time to death
after injection

(mo)

1 Left upper lobe 174 1.0 1.2 No — Alive*

2 Left upper lobe 184 3.2 4.0 Yes 2 12

3 Mediastinal adenopathy 181 1.0 1.1 No — Alive*

4 Left upper lobe 236 NA 2.3 Yes 1 6

6 L3 vertebra 1.8 2.0 Yes 9 20

Scapula 185 1.8 2.4

Subpleural left 2.0 2.4

7 Left iliac wing 183 0.7 1.0 No — Alive*

— 5 no disease progression; * 5 patient still alive; NA 5 not applicable.
Progression is based on PERCIST criteria or, if no [18F]FDG PET/CT data were available, on iRECIST criteria (38,39).
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FIGURE 5. Uptake of [68Ga]Ga-NOTA-anti-CD206-sdAb in patient 1 (A–C) and patient 2 (D–F), both with non–small cell lung carcinoma and residual lesion
in lung region during treatment. (A and D) Uptake in lung lesion (arrow) on PET/CT (top) and PET (bottom) images 90min after injection. Coronal PET images
show lesional uptake, indicated by ellipsoid in left lung, for [68Ga]Ga-NOTA-anti-CD206-sdAb (B) and [18F]FDG performed 15 wk after study participation (C)
of patient 1, who showed long-term disease remission. Coronal PET images show lesional uptake, indicated by ellipsoid in left lung of patient 2, for
[68Ga]Ga-NOTA-anti-CD206-sdAb (E) and [18F]FDG performed 11 wk later (F). This patient showed disease progression on these [18F]FDG PET/CT images.
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spleen, and bone marrow, confirming its specificity. High kidney
uptake is observed, as expected for peptides and small proteins.
The tracer is cleared by the kidneys. Blood-pool activity decreases
quickly over time, enabling high contrast-to-noise imaging at
90min after injection. Preliminary tumor uptake data in a limited
number of patients encourage further evaluation of this tracer in
phase II clinical trials.
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KEY POINTS

QUESTION: What is the safety, biodistribution, and dosimetry
of [68Ga]Ga-NOTA-anti-CD206-sdAb, a radiopharmaceutical to
image protumorigenic macrophages, as well as observations
about its tumor-targeting potential in cancer patients?

PERTINENT FINDINGS: In this monocenter phase I study in
7 cancer patients, tracer safety was confirmed, with an average
effective dose of 4.2 mSv. Biodistribution analysis showed
tracer uptake in MMR-expressing organs such as the liver, spleen,
adrenals, and bone marrow with fast blood clearance, allowing
high tissue-to-background imaging at 90 min after injection, and
detection of tumor uptake values (SUVmax) ranging from 1.0 to 4.0.

IMPLICATIONS FOR PATIENT CARE: Further development of
[68Ga]Ga-NOTA-anti-CD206-sdAb could enable the quantification
of CD206-expressing macrophages in the tumor microenvironment
and could help to reveal the role of these cells in local
immune-related resistance mechanisms to cancer treatments.
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Erdheim–Chester disease (ECD) involves multiple organs and tissues
and has diverse manifestations, which makes it difficult to distinguish
lesions caused by ECD from those caused by other diseases. Variable
degrees of fibrosis are present in ECD. Therefore, we conducted a pro-
spective cohort study to explore the ability of 68Ga fibroblast activation
protein inhibitor (68Ga-FAPI) PET/CT to detect lesions in ECD patients.
Methods: Fourteen patients diagnosed with ECD, as confirmed by
histology, were included in this study. For every patient, 68Ga-FAPI
PET/CT and 18F-FDG PET/CT were conducted within 1 wk. The posi-
tive rate and SUVmax of the lesions in the involved organs were com-
pared between the examinations. Results: The most commonly
involved organs were bone (100%), heart (57.1%), lung (57.1%), kidney
(42.9%), and peritoneum or omentum (35.7%); other commonmanifes-
tations were intracranial infiltration (50%) and cutaneous infiltration
(35.7%). 68Ga-FAPI PET/CT detected 64 of 67 lesions in 14 patients,
whereas 18F-FDG PET/CT detected 51 of 67 lesions (P 5 0.004). The
SUVmax for

68Ga-FAPI PET/CT was significantly higher than the SUVmax

for 18F-FDG PET/CT of the heart (4.962.4 vs. 2.861.2, respectively;
P 5 0.050), lung or pleura (6.864.9 vs. 3.161.3, respectively; P 5

0.025), peritoneum or omentum (5.763.6 vs. 2.861.7, respectively;
P5 0.032), and kidney or perinephric infiltration (4.961.2 vs. 2.961.1,
respectively; P 5 0.009). Conclusion: The detectivity of 68Ga-FAPI
PET/CT is superior to that of 18F-FDG PET/CT. Moreover, 68Ga-FAPI
PET/CT has a better image contrast and higher SUVmax for lesions in
multiple organs including the heart, lungs, peritoneum, and kidneys.
68Ga-FAPI PET/CT is a promising tool to assess pathologic features
and disease extent in ECD patients.

KeyWords: Erdheim–Chester disease; 68Ga-FAPI; 18F-FDG; PET/CT

J Nucl Med 2023; 64:1385–1391
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Erdheim–Chester disease (ECD) is a type of histiocytosis that
involves multiple organs and has diverse manifestations. The inci-
dence of ECD is relatively low, with approximately 1,000 cases
reported in the literature. The occurrence of ECD is related to the
mutation of the mitogen-activated protein kinase pathway and
BRAF-V600E (1–3), and agents targeting the BRAF-V600 mutation

are approved for the treatment of ECD. The mutation of certain
genes results in the dysfunction of histiocytes, which then produce
profibrotic and inflammatory chemokines (4). Histopathology of
ECD shows variable degrees of fibrosis and inflammatory cell infil-
tration in most cases.
As clinical manifestations and disease severity differ among

patients depending on the location and extent of lesions, it is difficult
to distinguish lesions caused by ECD from lesions caused by other
diseases with similar manifestations. Meanwhile, the outcome of
ECD patients is significantly affected by the extent of the disease;
therefore, it is important to identify the involved organs. 18F-FDG
PET/CT may help with the diagnosis and is recommended for use in
all patients affected by ECD to evaluate disease extent and severity
(5). Apart from performing a whole-body scan in 1 examination, 18F-
FDG PET/CT has the advantage that it can collect metabolic and
anatomic information at the same time, so it is more suitable than ana-
tomic imaging in the evaluation of ECD patients. Previous studies
have demonstrated the value of 18F-FDG PET/CT in assessing
patients with ECD (6–9). Kirchner et al. used 18F-FDG PET/CT as
well as anatomic imaging to evaluate ECD patients and found that
18F-FDG PET/CT was better at identifying disease sites and that ana-
tomic imaging provided better anatomic details (6). Young et al. eval-
uated 18F-FDG PET/CT in ECD patients, concluding that 18F-FDG
PET/CT could help with the diagnosis and treatment of ECD patients
(7). Several clinical trials have used 18F-FDG PET/CT to assess base-
line conditions and the treatment response of patients with ECD (8,9).
The fibroblast activation protein inhibitor (FAPI) is a newly intro-

duced agent in molecular imaging that targets the fibroblast activa-
tion protein. The fibroblast activation protein is expressed in fibrosis,
atherosclerotic plaques, rheumatoid arthritis, ischemic heart tissue,
and several solid tumors (10–12). Because fibrosis is a feature of
ECD and because chemokines involved in fibrosis are increased in
ECD patients (13), 68Ga-FAPI PET/CT may play an important role
in the evaluation of ECD. Only 1 case report has depicted the distri-
bution of 68Ga-FAPI in an ECD patient, and that case report demon-
strated promising results (14). In this study, we describe 68Ga-FAPI
PET/CT findings in a prospectively enrolled ECD cohort. Moreover,
we compare the results between 68Ga-FAPI PET/CT and 18F-FDG
PET/CT, which is widely recognized in ECD evaluation, to deter-
mine the utility of 68Ga-FAPI PET/CT.

MATERIALS AND METHODS

Study Design and Patient Population
This was a prospective observational cohort study approved by

the ethics committee of Peking Union Medical College Hospital.
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Written consent was obtained for each patient. Patients diagnosed with
ECD between December 2019 and May 2021 were considered for
inclusion in this study. The inclusion criteria were patients who were
diagnosed with ECD by pathology and who consented to be included
in this study. Patients were excluded if they were unable to finish the
examinations or were pregnant or breastfeeding. Included patients
were referred to the department of nuclear medicine in our hospital to
undergo 18F-FDG PET/CT and 68Ga-FAPI PET/CT, which were con-
ducted within 1 wk for the same patient.

Image Acquisition
FAPI was labeled with 68Ga manually before injection. First, Ga31

was obtained through a 68Ge/68Ga generator, and the pH of the solu-
tion was adjusted between 3.5 and 4.0 for further reaction. Second,
FAPI-04 was added to the solution with Ga31, which was then heated
to 100!C for 10 min. After that, the mixture was purified through a
Sep-Pak C18 Plus Light cartridge (Waters Corp.) to obtain the final
68Ga product, which was filtered through a 0.22-mm Millex-LG filter
(EMD Millipore) before injection. Patients waited for 60 min for
radiotracer uptake before the scan.

18F was generated through an 11-MeV cyclotron (CTI RDS 111;
Siemens), and FDG was labeled with 18F in an automated process to
synthesize 18F-FDG. Patients fasted for more than 6 h before injection,
and blood glucose was monitored to guarantee the quality of the
images. Then 18F-FDG was injected at a dose of 5.55 MBq/kg, after
which patients waited 60 min for uptake.

The images were acquired on PET/CT scanners (Polestar m660
[SinoUnion] or Biograph 64 TruePoint TrueV [Siemens]) after a stable
distribution of radiotracers. First, a topogram was obtained to deter-
mine the scan range, which was set between the top of the skull and
the feet. Then low-dose CT was performed for each patient. The CT
images were used to provide anatomic information as well as attenua-
tion correction. Next, the PET images were acquired at a speed of
2 min/bed position. Finally, the images were reconstructed through an
ordered-subset expectation maximization, which was set to 8 subsets,
2 iterations, a gaussian filter of 5 mm in full width at half maximum,
and a 168 3 168 image size for the Siemens Biograph 64 and 10 sub-
sets, 2 iterations, a gaussian filter of 4 mm in full width at half maxi-
mum, and a 192 3 192 image size for the SinoUnion Polestar.

Image Measurement
The acquired PET/CT images were transferred to Medical Image

Merge (MIM Software Inc.) for further evaluation. Two experienced
nuclear medicine physicians evaluated the PET/CT images to determine
the nature of the lesions, and any disagreements were resolved by con-
sensus. Positive lesions were defined by radioactive uptake higher than
that in surrounding or contralateral normal tissues. Regions of interest
were created for each lesion to obtain the SUVmax of the lesions. For
lesions with negative uptake, regions of interest were also created on the
basis of localization of other radiologic examinations. If there was more
than 1 lesion in a single organ, only the highest SUVmax was recorded.

Statistical Analysis
Qualitative data were presented using frequencies and percentages.

Continuous data were displayed as means 6 SD if they were normal;
otherwise, they would be presented as medians and quartiles. The
McNemar test was used to compare the detection rate of the lesions
between 18F-FDG PET/CT and 68Ga-FAPI PET/CT. A paired Student
t test was used to examine the difference in SUVmax between 18F-
FDG PET/CT images and 68Ga-FAPI PET/CT images. P values
of 0.05 or lower were considered to be significant. We used SPSS,
version 25 (SPSS Inc.), for statistical analyses.

RESULTS

Fourteen patients with a diagnosis of ECD, as confirmed by
pathology, were included in this study, including 4 men (mean
age, 50.06 12.1 y; range, 33–60 y) and 10 women (mean age,
48.56 10.3 y; range, 29–66 y). The characteristics of the 14 ECD
patients are summarized in Table 1. Among the 14 patients, 4 of
them were newly diagnosed and the other 10 had received previ-
ous treatment with interferon-a or a BRAF inhibitor.
First, we analyzed the involvement of organs. The most commonly

involved organs were bone (14/14 patients, 100%), heart (including
the pericardium, the right atrial mass, and the periaortic sheathing
[8/14 patients, 57.1%]), lung or pleura (8/14 patients, 57.1%), kidney
(with or without perinephric infiltration; 6/14 patients, 42.9%), and
peritoneum or omentum (5/14 patients, 35.7%); other common pro-
cesses included intracranial infiltration (7/14 patients, 50%) and cuta-
neous infiltration (5/14 patients, 35.7%). Other tissues included the
maxillary sinus (4/14 patients, 28.6%), perithoracoabdominal aortic
sheathing (3/14 patients, 21.4%), orbital mass (3/14 patients, 21.4%),
and retroperitoneum (2/14 patients, 14.3%). Moreover, adrenal glands
and the pancreas were involved in 1 patient. In 9 patients, 68Ga-FAPI
PET/CT discovered more lesions than 18F-FDG PET/CT. The detec-
tion rates of 18F-FDG PET/CT and 68Ga-FAPI PET/CT are presented
in Table 2. 68Ga-FAPI PET/CT detected 64 of 67 lesions in 14
patients, whereas 18F-FDG PET/CT detected 51 of 67 lesions, indicat-
ing that a significant difference existed (P 5 0.004). For most organs,
68Ga-FAPI PET/CT revealed more lesions than 18F-FDG PET/CT.
Second, we compared the SUVmax of each lesion with 18F-FDG

PET/CT and 68Ga-FAPI PET/CT, and the results are displayed in
Table 3. The SUVmax on 68Ga-FAPI PET/CT was significantly
higher than the SUVmax on 18F-FDG PET/CT for the heart
(4.96 2.4 vs. 2.86 1.2, respectively; P 5 0.050), lung or pleura
(6.86 4.9 vs. 3.16 1.3, respectively; P 5 0.025), peritoneum or
omentum (5.763.6 vs. 2.861.7, respectively; P 5 0.032), and kid-
ney or perinephric infiltration (4.961.2 vs. 2.961.1, respectively;
P 5 0.009). For other organs and tissues, the means of SUVmax on
68Ga-FAPI PET/CT were higher than those on 18F-FDG PET/CT for
bones, perithoracoabdominal aortic sheathing, retroperitoneum, cuta-
neous infiltration, and maxillary sinus, whereas the means of SUVmax

were lower on 68Ga-FAPI PET/CT for intracranial infiltration and
orbital mass. However, no significant differences were observed for
these organs. Maximum-intensity projections of 68Ga-FAPI PET/CT
and 18F-FDG PET/CT are displayed in Figure 1.
Because some lesions were negative on 18F-FDG PET/CT or

68Ga-FAPI PET/CT and other imaging methods were needed to find
the corresponding position of the negative lesions, the selection of
the regions of interest may not be accurate because of the mismatch
caused by movement of these lesions. Therefore, we repeated the
comparison of SUVmax between 18F-FDG PET/CT images and
68Ga-FAPI PET/CT images after excluding lesions with negative
18F-FDG or 68Ga-FAPI uptake. The results are shown in Table 4.
The SUVmax of lung or pleura on 68Ga-FAPI PET/CT was 7.96
5.4, and the SUVmax on 18F-FDG PET/CT was 3.46 1.3. Signifi-
cant differences existed. Kidney or perinephric infiltration had an
uptake on 68Ga-FAPI PET/CT (SUVmax, 5.06 1.3) that was signifi-
cantly higher than that on 18F-FDG PET/CT (SUVmax, 3.061.2).
For organs including bone, heart, peritoneum or omentum, or retro-
peritoneum; tissues such as perithoracoabdominal aortic sheathing,
maxillary sinus, and orbital mass; and processes including cutaneous
infiltration and intracranial infiltration, no significant differences
were found between 18F-FDG PET/CT images and 68Ga-FAPI
PET/CT images.
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DISCUSSION

To the best of our knowledge, few previous studies have explored
the use of 68Ga-FAPI PET/CT to evaluate patients with ECD. Due to
the relatively low incidence of ECD, large cohort studies with large
amounts of evidence are scarce, impeding further improvement in
the diagnosis and treatment of ECD patients. According to the litera-
ture, the most frequent radiologic abnormalities of ECD patients
are osteosclerosis, perinephric stranding, periaortic infiltration, lung
parenchyma, pericardial thickening or effusion, retroperitoneal infil-
tration, and infiltration of the entire thoracoabdominal aorta (15,16).
Our results accord with the literature.

ECD often involves multiple organs and systems, and the extent
of disease will affect the clinical outcomes of patients. Arnaud
et al. found that central nervous system involvement could predict
death of ECD patients independently (17). Chazal et al. proved
that ECD could result in chronic kidney disease or kidney failure
even if patients were well treated (18). Azoulay et al. discovered
that cardiac involvement in ECD patients was related to ECD-
related clinical complications but not to a lower survival rate (19).
Haroche et al. concluded that ECD-related orbital disease could
lead to optic nerve signal abnormalities (20). These studies prove
that determining the extent of ECD is meaningful in predicting the

TABLE 2
Detectability of 68Ga-FAPI PET/CT and 18F-FDG PET/CT of ECD

Detection

Involved site 68Ga-FAPI PET/CT 18F-FDG PET/CT

Bone 14 of 14 patients (100%) 12 of 14 patients (85.7%)

Heart (pericardium/right atrial mass/periaortic sheathing) 8 of 8 patients (100%) 5 of 8 patients (62.5%)

Lung or pleura 8 of 8 patients (100%) 6 of 8 patients (75%)

Perithoracoabdominal aortic sheathing 2 of 3 patients (66.7%) 3 of 3 patients (100%)

Peritoneum or omentum 5 of 5 patients (100%) 2 of 5 patients (40%)

Retroperitoneum 2 of 2 patients (100%) 2 of 2 patients (100%)

Kidney or perinephric infiltration 6 of 6 patients (100%) 5 of 6 patients (83.3%)

Intracranial infiltration (brain parenchyma/meninges) 7 of 7 patients (100%) 3 of 7 patients (42.9%)

Orbital mass 3 of 3 patients (100%) 3 of 3 patients (100%)

Cutaneous infiltration 4 of 5 patients (80%) 4 of 5 patients (80%)

Maxillary sinus 4 of 4 patients (100%) 4 of 4 patients (100%)

Adrenal glands 1 of 1 patient (100%) 1 of 1 patient (100%)

Pancreas 0 of 1 patient (0%) 1 of 1 patient (100%)

TABLE 3
SUVmax of ECD Involvement on 68Ga-FAPI PET/CT and 18F-FDG PET/CT

SUVmax

Involved site 68Ga-FAPI PET/CT 18F-FDG PET/CT P n

Bone 8.664.3 7.36 5.8 0.334 14

Heart (pericardium/right atrial mass/periaortic sheathing) 4.962.4 2.86 1.2 0.050 8

Lung or pleura 6.864.9 3.16 1.3 0.025 8

Perithoracoabdominal aortic sheathing 3.462.7 2.76 1.0 0.603 3

Peritoneum or omentum 5.763.6 2.86 1.7 0.032 5

Retroperitoneum 5.9 2.5 NA 2

Kidney or perinephric infiltration 4.961.2 2.96 1.1 0.009 6

Intracranial infiltration (brain parenchyma/meninges) 9.666.4 15.46 8.1 0.098 7

Orbital mass 8.066.1 8.76 6.0 0.565 3

Cutaneous infiltration 7.965.8 7.06 3.8 0.648 5

Maxillary sinus 7.664.2 4.66 1.4 0.202 4

SUVmax is displayed as means 6 SD.
NA 5 not available.
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outcome of patients, indicating the signifi-
cance of evaluating ECD accurately.
ECD is usually evaluated by conven-

tional anatomic imaging methods such as
CT and MRI. These examinations provide
valuable information on the evaluation of
the disease extent and treatment response.
Compared with CT and MRI, PET/CT can
obtain a whole-body scan at 1 scan and
provide additional biochemical informa-
tion. Several previous studies have investi-
gated using 18F-FDG PET/CT to evaluate
ECD (6,7,21–25), and results from these
studies proved the significance of 18F-FDG
PET/CT in diagnosis establishment, biopsy
guidance, and treatment response evalua-
tion. However, the quality of PET/CT is
influenced by many factors, such as blood
glucose and temperature. In addition, back-
ground uptake of 18F-FDG is high in
several organs, which may disguise the
presence of lesions if they locate around
these organs.
Fibroblast activation protein is a kind of

type II transmembrane serine protease that
is expressed in abnormal fibroblasts in
malignant and nonmalignant conditions
(10,12). Previous literature reported an in-
creased uptake of 68Ga-FAPI in diseases
leading to fibrosis, including IgG4-related
disease, liver cirrhosis, arthritis, tuberculosis,
and various kinds of cancers (11,26–32).
Because fibrosis is widely present in ECD
(13), 68Ga-FAPI PET/CT may be a good
imaging tool to evaluate ECD lesions.

FIGURE 1. Maximum-intensity projections of 68Ga-FAPI PET/CT and 18F-FDG PET/CT in 4
patients. Contrast of lesions is higher in 68Ga-FAPI PET/CT than in 18F-FDG PET/CT. 68Ga-FAPI
PET/CT detected lesions in bone (patients 5 and 11), heart (patient 2), lungs or pleura (patient 2), peri-
toneum or omentum (patient 2), intracranial infiltration (patient 4), and kidneys (patient 5), which were
not displayed on 18F-FDG PET/CT.

TABLE 4
SUVmax of ECD Involvement on 68Ga-FAPI PET/CT and 18F-FDG PET/CT After Excluding Lesions with

Negative 18F-FDG or 68Ga-FAPI Uptake

SUVmax

Involved site 68Ga-FAPI PET/CT 18F-FDG PET/CT P n

Bone 9.264.4 8.16 5.9 0.495 12

Heart (pericardium/right atrial mass/periaortic sheathing) 5.162.9 3.46 1.0 0.272 5

Lung or pleura 7.965.4 3.46 1.3 0.050 6

Perithoracoabdominal aortic sheathing 4.1 2.9 NA 2

Peritoneum or omentum 9.0 4.5 NA 2

Retroperitoneum 5.9 2.5 NA 2

Kidney or perinephric infiltration 5.061.3 3.06 1.2 0.030 5

Intracranial infiltration (brain parenchyma/meninges) 14.666.5 21.16 8.2 0.48 3

Orbital mass 8.066.1 8.76 6.0 0.565 3

Cutaneous infiltration 11.564.3 9.56 1.4 0.551 3

Maxillary sinus 7.664.2 4.66 1.4 0.202 4

SUVmax is displayed as means 6 SD.
NA 5 not available.
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Our results showed that 68Ga-FAPI PET/CT had an excellent ability
to display ECD lesions, and its detection rate is superior to that of
18F-FDG PET/CT. This result, which proves the feasibility of 68Ga-
FAPI PET/CT, is promising and may provide more options for the
evaluation of ECD patients.
Another advantage of 68Ga-FAPI PET/CT is high image contrast

and low background activity due to the absence of the fibroblast
activation protein in normal tissues. In contrast, normal uptake of
18F-FDG is present in many organs, and an elevation of 18F-FDG
uptake could be caused by numerous physiologic and pathologic
conditions. In our study, SUVmax on

68Ga-FAPI PET/CT was signif-
icantly higher than SUVmax on

18F-FDG PET/CT for heart, lung or
pleura, peritoneum or omentum, and kidney or perinephric infiltra-
tion. This result demonstrates a higher contrast of lesions on 68Ga-
FAPI PET/CT. In addition, the means of SUVmax on 68Ga-FAPI
PET/CT were higher than those on 18F-FDG PET/CT for bones,
perithoracoabdominal aortic sheathing, retroperitoneum, cutaneous
infiltration, and maxillary sinus. Although no significance was
reached for these organs between 68Ga-FAPI PET/CT and 18F-
FDG PET/CT, this could be caused by a small sample size.
Previous literature reported that central nervous system and car-

diac involvement indicate a worse outcome (17,19). Therefore,
identifying lesions involving the heart and central nervous system
is significant for optimizing treatment and predicting outcome.
18F-FDG uptake of myocardium varies among patients, whereas
normal myocardium barely takes up 68Ga-FAPI, so 68Ga-FAPI
PET/CT can contribute to identifying cardiac involvement in ECD
patients. Regarding intracranial infiltration, a high background
uptake of 18F-FDG in brain tissue could interfere with the observa-
tion of lesions. Although the SUVmax was higher on 18F-FDG
PET/CT, the lesions were more obvious on 68Ga-FAPI PET/CT.
A promising application of 68Ga-FAPI PET/CT is its potential

to reflect the histology of lesions. Inflammation and fibrosis are
typical features of ECD and may cause organ damage. According
to Ohara et al. (33), the pathologic features of different lesions
are different even in the same patient, and a discrepancy of his-
tology can influence radiologic images. 68Ga-FAPI PET/CT and
18F-FDG PET/CT are effective tools to evaluate the extent of
fibrosis and inflammation, respectively. Therefore, we can specu-
late that the combination of 68Ga-FAPI PET/CT and 18F-FDG
PET/CT may be used in areas such as disease progression assess-
ment, treatment response evaluation, and outcome prediction.
This research has several limitations. First, because of the low

incidence of ECD, it is difficult to recruit patients, causing a small
sample size for this study. Although the results indicate differences
between 18F-FDG PET/CT and 68Ga-FAPI PET/CT in multiple
organs, a statistically significant result could not be reached in most
cases. Further studies with a larger sample size are needed to verify
the value of 68Ga-FAPI PET/CT. Moreover, this study includes not
only newly diagnosed patients but also treated patients, and treatment
may influence the tracer uptake. Further studies may be necessary to
investigate the effect of treatment on 68Ga-FAPI PET/CT and 18F-
FDG PET/CT for ECD patients, which reflects the value of these
diagnostic tools on efficiency evaluation. In addition, just as a recon-
struction method has an influence on image quality, a higher detec-
tion rate may be obtained in another reconstruction method.
Finally, although the existence of ECD was confirmed for every
included patient through pathology, we could not obtain the patho-
logic results for every suspected lesion.

CONCLUSION

In this study, we explored the use of 68Ga-FAPI PET/CT and
18F-FDG PET/CT for the evaluation of ECD patients. Our results
showed that 68Ga-FAPI PET/CT can detect more lesions than 18F-
FDG PET/CT. Moreover, 68Ga-FAPI PET/CT has a better image
contrast and higher SUVmax for lesions in multiple organs, includ-
ing the heart, lungs, peritoneum, and kidney. 68Ga-FAPI PET/CT
is a promising tool to assess the extent of disease in ECD patients.

DISCLOSURE

This work was supported by grants from the CAMS Innovation
Fund for Medical Sciences (2022-I2M-JB-001). No other potential
conflict of interest relevant to this article was reported.

KEY POINTS

QUESTION: Is 68Ga-FAPI PET/CT valuable for the evaluation of
ECD patients?

PERTINENT FINDINGS: This prospective observational cohort
study revealed that 68Ga-FAPI PET/CT detects more lesions in
ECD patients than does 18F-FDG PET/CT. 68Ga-FAPI PET/CT has
a higher SUVmax for lesions in the heart, lungs, peritoneum, and
kidneys.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/CT is a
promising tool to assess pathologic features and extent of disease
in ECD patients.
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Pain Outcomes in Patients with Metastatic Castration-Resistant
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223Ra, a targeted a-therapy, is approved for the treatment of patients
with metastatic castration-resistant prostate cancer (mCRPC) who
have bone metastases. In the phase 3 ALSYMPCA study, 223Ra pro-
longed survival and improved quality of life versus placebo. Our real-
world study, PARABO, investigated pain and bone pain–related quality
of life in patients with mCRPC and symptomatic bone metastases
receiving 223Ra in clinical practice.Methods: PARABO was a prospec-
tive, observational, noninterventional single-arm study conducted in
nuclear medicine centers across Germany (NCT02398526). The pri-
mary endpoint was a clinically meaningful pain response ($2-point
improvement from baseline for the worst-pain item score in the Brief
Pain Inventory–Short Form). Results: The analysis included 354
patients, who received a median of 6 223Ra injections (range, 1–6).
Sixty-seven percent (236/354) received 5–6 injections, and 33%
(118/354) received 1–4 injections. Of 216 patients with a baseline
worst-pain score of more than 1, 59% (128) had a clinically meaning-
ful pain response during treatment. Corresponding rates were 67%
(range, 98/146) with 5–6 223Ra injections versus 43% (range, 30/70)
with 1–4 injections, 60% (range, 60/100) in patients with no more
than 20 lesions versus 59% (range, 65/111) in those with more than
20 lesions, and 65% (range, 69/106) in patients without prior or con-
comitant opioid use versus 54% (range, 59/110) in those with prior or
concomitant opioid use. Mean subscale scores (pain severity and
pain interference) on the Brief Pain Inventory–Short Form improved
during treatment. Conclusion: 223Ra reduced pain in patients with
mCRPC and symptomatic bone metastases, particularly in patients
who received 5–6 injections. The extent of metastatic disease did not
impact pain response.

Key Words: targeted a-therapy; 223Ra; castration-resistant prostate
cancer; bonemetastases; pain response

J Nucl Med 2023; 64:1392–1398
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Most patients with advanced prostate cancer develop bone
metastases (1). The formation and growth of such metastatic lesions
lead to bone pain, which is distressing for patients (2). The patho-
physiology of bone pain in metastatic prostate cancer is complex,
with skeleton-related events, including pathologic fractures, spinal
cord compression, hypercalcemia, and neurologic deficits, playing
a significant role (3). Although more than 50% of patients with
bone metastases present with skeletal complications, some experi-
ence pain not associated with fractures or nerve compression (4).
Chronic pain syndrome is an important complication of bone
metastases and negatively impacts overall survival (OS) and quality
of life (QoL) (5).
Currently, pharmacologic management of bone pain in patients

with bone metastases involves mainly nonsteroidal antiinflammatory
drugs and opioid analgesics used with different adjuvant therapies (6),
according to the World Health Organization analgesic ladder frame-
work (7). Nonpharmacologic management of bone pain in this set-
ting involves palliation using external-beam radiotherapy (8).

223Ra-dichloride (223Ra) is an a-particle–emitting radiopharma-
ceutical approved for the treatment of patients with bone-dominant
metastatic castration-resistant prostate cancer (mCRPC), based on
the registrational phase 3 ALSYMPCA study (9). In this study,
223Ra prolonged OS (median, 14.9 vs 11.3mo; hazard ratio, 0.70;
P , 0.001) and the time to the first symptomatic skeletal event
(SSE) (median, 15.6 vs 9.8mo; hazard ratio, 0.66; P , 0.001) ver-
sus placebo, when each was used in combination with the standard
of care (9). 223Ra also prolonged the time to external-beam radio-
therapy for bone pain, reduced the risk of spinal cord compression,
and improved QoL versus placebo (10,11). The short- and long-
term safety profiles of 223Ra were favorable compared with those
of placebo, with low myelosuppression rates (9,12).
ALSYMPCA was conducted on a well-defined patient popula-

tion (9), and real-world studies of 223Ra in mCRPC reporting on pain

Received Feb. 14, 2023; revision accepted Apr. 20, 2023.
For correspondence or reprints, contact Holger Palmedo (holger.palmedo@

gmx.de).
Published online Jun. 29, 2023.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

1392 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 9 & September 2023



were limited in size or were not specifically designed to assess pain
(13–16). Furthermore, since ALSYMPCA, several anticancer agents,
such as abiraterone, enzalutamide, and cabazitaxel, have been
approved and introduced into routine clinical management for
mCRPC. Therefore, a more robust evaluation of the effects of 223Ra
on bone pain in patients with mCRPC in a real-world setting is
warranted.
The PARABO study (NCT02398526) was designed to investi-

gate the effect of 223Ra on pain and bone pain–related QoL in
patients with mCRPC and symptomatic bone metastases in routine
clinical practice. Here, we report the pain response, bone pain–
related QoL, OS, and safety outcomes of 223Ra in PARABO.

MATERIALS AND METHODS

Study Design and Patients
PARABO was an observational, prospective single-arm cohort study

designed to assess pain and bone pain–related QoL in patients with
mCRPC receiving 223Ra across nuclear medicine centers in Germany.
The study design is depicted in Supplemental Figure 1 (supplemental
materials are available at http://jnm.snmjournals.org). Eligible male
patients had a diagnosis of mCRPC with symptomatic bone metastases
and no known visceral metastases. Treatment with 223Ra was initiated
as per each investigator’s routine clinical practice. Patients participating
in an investigational program with interventions outside routine clinical
practice or participating in another observational study with 223Ra were
excluded. Documented approval from appropriate independent ethics
committees or institutional review boards was obtained for all partici-
pating sites before the study. All patients provided written informed
consent before study participation.

Treatment Schedule
223Ra was administered at a 55-kBq (1.485 mCi)/kg dose by intra-

venous injection every 4 wk, up to a maximum of 6 injections.

Endpoints
The primary endpoint was a clinically meaningful pain response,

defined as an improvement by at least 2 points from baseline in the
worst-pain item of the Brief Pain Inventory–Short Form at any postba-
seline assessment. Secondary endpoints included change in pain- and
bone pain–related QoL over time during 223Ra treatment, pain control
and progression rates, time to first pain progression, time to first opioid
use, covariates of pain response during treatment, pain response based
on extent of bone metastases at baseline, OS, treatment-emergent adverse
events, number of fractures, and time to first SSE. QoL was assessed
using a questionnaire: Functional Assessment of Cancer Therapy Quality-
of-Life Measurement in Patients with Bone Pain. All secondary end-
points are detailed in the supplemental methods.

Data Sources
Investigators collected historical data (demographic and clinical

characteristics) from medical records. Treatment-related data, the
results of tumor assessments, and other disease status information
were collected during routine practice visits. For patient-reported
outcomes, questionnaires were completed by patients during routine
visits.

Statistical Considerations
For sample size calculation, the precision of the estimate for the pri-

mary outcome (pain response rate) was considered. Precision was
defined by the width of the 95% CI of the estimate with a given sample
size. A precision of less than 20% was considered clinically meaning-
ful, taking the variance of pain measurements into account. Assuming
that at least 60% of patients would be evaluable for the primary

analysis of pain response at a postbaseline assessment and that
30%–70% of these evaluable patients would show a pain response,
at least 350 patients would be required to achieve a precision of less
than 20%. Sample size calculations were performed with the nQuery 7
(Statsols) platform. Statistical analyses in this study were primarily of
an explorative and descriptive nature.

RESULTS

Baseline Characteristics
Between March 2015 and December 2017, 358 patients were

enrolled at 27 medical centers; 356 patients received at least 1 dose
of 223Ra. Two patients who did not meet all eligibility criteria were
excluded; thus, 354 patients were included in the full analysis set.
Patient enrollment, treatment, and eligibility are shown in Supple-
mental Figure 2. Patient baseline characteristics are given in Table 1.
Overall, 58% (204/354), 17% (61/354), and 8% (27/354) of patients
had an Eastern Cooperative Oncology Group performance status
of 1, 2 or 3–4, respectively; 36% (127/354) had more than 20 bone
metastases; and 69% (243/354) had mild pain according to the
World Health Organization pain ladder. Sixty-two percent (219/354)
of patients had received at least 1 prior systemic anticancer med-
ication, with docetaxel being the most common (34% [119/354]).
Before the study, 13% (45/354) of patients used at least 1 bone
health agent, and 33% (116/354) used opioids.
Baseline characteristics for patients who received 1–4 or 5–6

223Ra injections are shown in Supplemental Table 1. Among patients
with an Eastern Cooperative Oncology Group performance status of
2–4, a superscan, opioid use (World Health Organization pain level,
2–3), an alkaline phosphatase (ALP) level of more than 300U/L, a
prostate-specific antigen (PSA) level of more than 200mg/L, or at
least 3 prior systemic anticancer therapies, a greater proportion
received 1–4 than 5–6 injections (Supplemental Table 1).

Treatments
The median number of 223Ra injections received was 6 (range,

1–6); 33% (118/354) of patients received 1–4 injections, and 67%
(236/354) received 5–6 injections (Supplemental Table 2). 223Ra
treatment was delayed or interrupted in 6% (23/354) of patients,
most often for adverse events (Supplemental Table 2). Adverse events
were also the most common reason for 223Ra discontinuation
(12%), followed by progression of underlying disease (10%), the
patient’s decision (8%), and death (6%).
The likelihood of receiving a higher number of 223Ra injections

was greatest for patients who received concomitant enzalutamide
and lowest for patients with a higher number of bone metastases,
higher baseline ALP or PSA levels, opioid use, or prior chemo-
therapy (Supplemental Table 3). The percentage of patients with
blood cell counts below the limit for further injections at each treat-
ment visit is shown in Supplemental Table 4. The median time
from castration resistance to the first 223Ra injection was 10mo
(range, 0–155mo) (Table 1). The median time to the next treat-
ment with a life-prolonging therapy was 12.1mo (95% CI, 7.2–not
reached [NR]) in patients who received 1–4 223Ra injections and
21.8mo (95% CI, 14.8–NR) in those who received 5–6 injections
(Supplemental Fig. 3).

Pain Outcomes
A clinically meaningful pain response occurred in 59% (128/

216) of evaluable patients overall. Among the individual sub-
groups assessed, rates of clinically meaningful pain response were
1.6-fold greater in patients who received 5–6 than 1–4 223Ra
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injections, 1.2-fold greater in patients with-
out than with prior or concomitant opioid
use, and generally similar regardless of
lesion number (Fig. 1).
When the effects of covariates on this

pain response were assessed, greater rates
of pain response were seen at most treatment
visits in patients with a baseline ALP of
more than 300U/L than in those with less
than 150 or 1502 300U/L (Supplemental
Table 5), patients with baseline PSA of less
than 50or 50–200mg/L than in those with
more than 200mg/L (Supplemental Table 6),

TABLE 1
Baseline Characteristics (Full Analysis Set, n 5 354)

Characteristic Data Characteristic Data

Age (y) 74 (43–91) World Health Organization pain ladder

EOG performance status Step 1 (mild pain) 243 (69%)

0 56 (16%) Step 2 (moderate pain) 74 (21%)

1 204 (58%) Step 3 (severe pain) 37 (10%)

2 61 (17%) Prior bone health agents

3–4 27 (8%) $1 medication 45 (13%)

Missing 6 (2%) Denosumab 19 (5%)

Months from diagnosis to initial visit 55 (2–321) Zoledronic acid 25 (7%)

Months from bone metastases to initial visit 28 (0–243) Bisphosphonates 1 (,1%)

Months from castration resistance to initial visit 10 (0–155) Prior radiotherapy 194 (55%)

ALP (U/L) Prior LPTs that ended before start
of 223Ra*

Median 133.0 $1 219 (62%)

,150 134 (38%) Docetaxel 119 (34%)

150–300 52 (15%) Cabazitaxel 29 (8%)

.300 44 (12%) Abiraterone 83 (23%)

Missing 124 (35%) Enzalutamide 51 (14%)

PSA (mg/L) Prior LPTs, including those
overlapping 223Ra treatment†

Median 58.0 0 112 (32%)

,50 118 (33%) 1 119 (34%)

50–200 70 (20%) 2 65 (18%)

.200 61 (17%) $3 58 (16%)

Missing 105 (30%) Opioid use before or at baseline 116 (33%)

Extent of bone disease (n 5 335)

,6 metastases 37 (10%)

6–20 metastases 124 (35%)

.20 metastases 127 (36%)

Superscan 55 (16%)

Missing 9 (3%)

*Selected prior LPTs are shown.
†Abiraterone, enzalutamide, cabazitaxel, and docetaxel.
ECOG 5 Eastern Cooperative Oncology Group; LPT 5 life-prolonging therapy.
Qualitative data are number and percentage; continuous data are median with or without range.
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FIGURE 1. Rates of clinically meaningful pain response. Responses were evaluated in patients
with baseline Brief Pain Inventory–Short Form worst-pain item score . 1 (n 5 216), with data also
stratified by number of 223Ra injections, disease extent, and prior or concomitant opioid use.
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and patients who were taking nonopioid analgesics or weak opioids
than those taking strong opioids (Supplemental Table 7). No other
covariates had consistent effects on response rates, including the
number of known bone metastases at baseline or prior treatment with
chemotherapy, abiraterone, enzalutamide, or bone health agents.
The total pain score and pain severity and interference subscale

scores on the Mean Brief Pain Inventory–Short Form improved from
baseline during 223Ra treatment (Fig. 2A). Improvements from base-
line in these scores were notable in patients who received concomi-
tant bone health agents (Fig. 2B), whereas no clear benefit was seen

in patients without concomitant bone health agents (Fig. 2C). Of
patients who received 6 223Ra injections, 24% (40/167) reported
complete or nearly complete (80%–100%) pain relief (Fig. 3A). Pain
control was reported in 67% (145/216) of patients, and pain progres-
sion was reported in 33% (71/216). Mean improvements from the
baseline score on the Functional Assessment of Cancer Therapy
Quality-of-Life Measurement in Patients with Bone Pain (indicating
improved bone pain–related QoL) were seen from treatment visit 2
onward, with the greatest improvement seen at visit 6 (Fig. 3B).
The median time to the first pain progression was 6.70mo (95%

CI, 6.44mo–NR); the time to pain progression was shorter in patients
treated with 1–4 than 5–6 223Ra injections but was not impacted by
concomitant bone health agent use (Supplemental Fig. 4). The median
time to the first opioid use in patients who had not received prior
opioids was NR (Supplemental Fig. 5).
At each study visit, the mean decrease from baseline in worst-pain

scores was greater in patients with strong bone uptake than in those
with weaker bone uptake (Supplemental Table 8). For all skeletal
areas that were most frequently reported as hurting at baseline
(lumbar and thoracic vertebrae, left and right pelvis, and left and
right thigh), fewer patients reported these areas as still hurting in
the posttreatment follow-up period (Fig. 4).

OS
Median OS was 17.15mo (95% CI, 15.33–18.97mo) in the total

patient population and was longer in patients who received 5–6 223Ra
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injections than in those who received 1–4 injections (Fig. 5). Median
OS was shorter in patients who had received prior abiraterone or
enzalutamide than in those who had not received these agents and
was longer in patients who had received bone health agents during
223Ra treatment than in those who had not (Supplemental Table 9).

Safety
Any-grade treatment-emergent adverse events occurred in 56%

(200/356) of patients, and serious treatment-emergent adverse
events occurred in 27% (96/356) (Supplemental Table 10). The
most common treatment-emergent adverse event and drug-related

treatment-emergent adverse event was
anemia (13% [47/356] and 9% [33/356],
respectively), whereas few patients expe-
rienced pancytopenia (2% for each) or
thrombocytopenia (2% for each) (Table 2).
Grade 5 treatment-emergent adverse events
occurred in 8% (27/356) of patients; 1%
(5/356) of patients experienced drug-related
grade 5 treatment-emergent adverse events
(Supplemental Table 10), which included
pancytopenia (n 5 4) and metastasis to soft
tissue (n 5 1).

New SSEs occurred in 15% (52/354) of
patients during 223Ra treatment and the
5-y follow-up. The most common of these
events were new external-beam radio-
therapy use and new symptomatic patho-
logic fractures (vertebral and nonvertebral)
(Fig. 6). The median time to the first SSE
was NR in the total patient population (95%
CI, 37.45mo–NR), in patients with 1–4or
5–6 injections (95% CI, 24.05mo–NR and
37.45mo–NR, respectively), or in patients
with or without concomitant bone health
agent use (95% CI, 37.45–NR and NR–NR,
respectively) (Supplemental Fig. 7).

The incidence rate of pathologic fractures was 0.14 (95% CI,
0.08–0.23) during the treatment period and 0.05 (95% CI,
0.03–0.09) during the 5-y follow-up period. The incidence rate of
nonpathologic fractures was not recorded during treatment. How-
ever, the incidence of nonpathologic fractures during the 5-y
follow-up period was 0.01 (95% CI, 0.00–0.03). The incidence pro-
portions of pathologic fractures and bone-associated events other
than fractures are shown in Supplemental Table 11. The incidence
proportions of pathologic fractures and bone-associated events other
than fractures were higher in recipients of 1–4 223Ra injections
than 5–6 injections, although only the latter had nonoverlapping

95% CIs. Patients who used concomitant
bone health agents had a lower incidence
of pathologic fractures and a higher inci-
dence of bone-associated events other than
fractures than did patients who did not use
concomitant bone health agents, although
95% CIs were overlapping in all cases
(Supplemental Table 11).

DISCUSSION

Here, we show the real-world clinical
benefit of 223Ra in alleviating pain and
improving bone pain–related QoL in patients
with mCRPC and bone metastases in the
current clinical landscape. PARABO was a
large (354 patients) prospective study spe-
cifically designed to assess these outcomes
in a heterogeneous real-world patient pop-
ulation, providing strong evidence on pain
response during 223Ra treatment relative to
the other available studies in this setting,
which were mostly smaller, retrospective,
or not designed primarily to evaluate pain
(13–16).
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In our study, almost two thirds (59%) of patients experienced a
clinically relevant reduction in pain during 223Ra treatment, con-
sistent with the rates of pain response reported in other real-world
studies (47%–58%) (13–16) and clinical trials (56%) (17) con-
ducted on more than 30 patients. Notably, our response rate was
independent of factors such as the extent of metastatic disease but
was generally greater in patients with a high baseline ALP, a low
baseline PSA, and no use of strong opioids, although a direct
impact of opioids on bone pain is a potential confounding factor.

However, improvements in pain severity, pain interference, and
overall pain were notable with 223Ra in patients who received con-
comitant bone health agents but not in those who did not, suggest-
ing that concomitant bone health agents may be beneficial for pain
relief. Consistent with the pain relief associated with 223Ra therapy,
improvements in bone pain–related QoL were also seen during
treatment. The QoL benefits of 223Ra were also evident in a recent
prospective observational study, with QoL being maintained longer
in patients who completed 223Ra therapy (18).
Median OS was longer in this study (17.2mo) than in

ALSYMPCA (14.9mo) (9). This finding may be related to our
patients’ having less advanced disease at baseline (median ALP
and PSA levels were 133U/L and 58mg/L, vs. 211U/L and
146mg/L in ALSYMPCA) or the introduction of novel anticancer
treatments earlier into clinical care in the current treatment land-
scape. Indeed, since ALSYMPCA, there has been a shift toward
using androgen receptor pathway inhibitors over chemotherapy
early in the treatment sequence. How to optimally integrate 223Ra
into the mCRPC treatment pathway continues to be an area of
interest to ensure that patients receive as many life-prolonging thera-
pies as possible. In our study, two thirds of patients received either
no (32%) or 1 (34%) life-prolonging therapy before starting 223Ra
therapy. However, the survival benefit of early- versus later-line
223Ra use in clinical practice is not yet clear from recent real-world
studies. In the PRECISE study, slightly reduced risks of all-cause
and prostate cancer–specific mortality were seen with 223Ra versus
other mCRPC treatments, when used as a second- or third-/fourth-
line treatment (19), whereas in the REACTIVATE study, second-
line use of 223Ra was associated with longer survival than third- or
later-line use (20).
Two thirds of patients in our study received 5–6 223Ra injections.

These patients were more likely to achieve a clinically meaningful
pain response and had longer OS than those who received 1–4
injections, as is consistent with the OS findings of other real-world
studies (21). Moreover, patients who completed all 6 223Ra injec-
tions had the greatest improvements in bone pain–related QoL. In
our study, patients who received 5–6 223Ra injections had less
advanced disease than those who received 1–4 injections, based on
their lower ALP and PSA levels and the lower proportions of
patients with an Eastern Cooperative Oncology Group performance
status of 2–4, a superscan, opioid use, or at least 3 prior systemic
anticancer therapies. The fact that these patients had less advanced
disease may in part explain our survival findings, as such patients
will have the fitness to complete 5–6 cycles of 223Ra.

223Ra had an acceptable safety profile in our study. Consistent
with ALSYMPCA (9,12), rates of myelosuppression were low,
with the incidence of anemia (the most common drug-related
treatment-emergent adverse event), pancytopenia, and thrombocy-
topenia being less than 10%. Similar findings were reported with
223Ra in patients with mCRPC in the ongoing real-world REAS-
SURE study (22). SSEs (the most common being new use of
external-beam radiotherapy and new symptomatic pathologic frac-
tures) occurred in a low proportion of patients during treatment
with 223Ra and over 5 y of follow-up in our study, and there was
no clear impact of bone health agents on SSEs. Notably, the inci-
dence of pathologic fractures was consistent with the findings of
the short- and long-term analyses of ALSYMPCA (9,12).
Like other real-world studies, our study had certain limita-

tions, including the potential for suboptimal collaboration between
urologists (the primary contacts for patients) and nuclear medicine
physicians (involved later in the treatment course), which may
affect the timeliness of 223Ra treatment. Additionally, it is possible

TABLE 2
Treatment-Emergent and Drug-Related Treatment-
Emergent Adverse Events Occurring in at Least 2%

of Patients (Safety Analysis Set, n 5 356)

Adverse event n

Treatment-emergent

Any 200 (56%)

Anemia 47 (13%)

Fatigue 28 (8%)

Diarrhea 18 (5%)

Nausea 16 (4%)

Metastases to liver 11 (3%)

Pain 11 (3%)

General physical health deterioration 10 (3%)

Back pain 8 (2%)

Bone pain 8 (2%)

Pancytopenia 8 (2%)

Thrombocytopenia 8 (2%)

Drug-related treatment-emergent

Any 92 (26%)

Anemia 33 (9%)

Diarrhea 17 (5%)

Nausea 10 (3%)

Fatigue 9 (3%)

Pancytopenia 8 (2%)

Thrombocytopenia 8 (2%)

Treatment-emergent adverse events are according to system
organ classes in Medical Dictionary for Regulatory Activities
(MedDRA, version 23.0), and preferred term–worst grade is listed.
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for SSEs to be underreported in real-world practice for various rea-
sons, including long intervals between patient visits, which may
contribute to missing of asymptomatic fractures. However, in our
study, patients were assessed regularly during the follow-up period
(quarterly for the first 2 y and twice a year for the remaining 3 y).

CONCLUSION

This large, real-world study provided evidence supporting the
effectiveness of 223Ra in reducing pain (particularly when used in
combination with bone health agents) and improving bone pain–
related QoL and OS. Completion of 5–6 223Ra injections was asso-
ciated with the greatest benefit in these outcomes. 223Ra had an
acceptable safety profile, consistent with that established in previ-
ous studies.
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KEY POINTS

QUESTION: Does 223Ra alleviate pain and improve bone
pain–related QoL in patients with mCRPC and symptomatic
bone metastases in clinical practice?

PERTINENT FINDINGS: PARABO, a prospective, observational
real-world study, found that 223Ra treatment resulted in clinically
meaningful pain responses in almost two thirds of patients with
pain at baseline. Pain responses were more notable after 5–6
223Ra injections and were not impacted by the extent of
metastatic disease.

IMPLICATIONS FOR PATIENT CARE: The findings of this large,
robust study show that 223Ra can provide much-needed pain
relief in a substantial proportion of patients with mCRPC and
symptomatic bone metastases.
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Fibroblast Activation Protein and Glycolysis in Lymphoma
Diagnosis: Comparison of 68Ga-FAPI PET/CT and
18F-FDG PET/CT
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Our objective was to compare the diagnostic performance of 68Ga-
labeled fibroblast activation protein (FAP) inhibitor (FAPI) and 18F-labeled
FDG PET/CT in diagnosing lymphomas and to characterize the influence
of FAP and glycolytic markers on tracer uptake by involved lesions.
Methods: Participants with different lymphoma subtypes who were pro-
spectively recruited fromMay 2020 to December 2021 underwent 68Ga-
FAPI and 18F-FDG PET/CT. Immunohistochemistry was performed to
evaluate FAP, hexokinase 2, and glucose transporter 1 (GLUT1) expres-
sion, and the paired-samples t test and Wilcoxon signed-rank test were
used to compare parameters. The correlation between the immuno-
chemistry results and tracer uptake was determined by the Spearman
rank correlation coefficient. Results: In total, 186 participants (median
age, 52y [interquartile range, 41–64y]; 95 women) were included. Dual-
tracer imaging produced 3 types of imaging profiles. 18F-FDG PET pos-
sessed a higher staging accuracy (98.4%) than 68Ga-FAPI PET (86.0%).
In 5,980 lymphoma lesions, 18F-FDG PET/CT detected more nodal
(4,624 vs. 2,196) and extranodal (1,304 vs. 845) lesions than 68Ga-FAPI
PET/CT. Additionally, 52 68Ga-FAPI–positive/18F-FDG–negative lesions
and 2,939 68Ga-FAPI–negative/18F-FDG–positive lesions were observed.
In many lymphoma subtypes, semiquantitative evaluation revealed no
significant differences in SUVmax or target-to-liver ratios between 68Ga-
FAPI and 18F-FDG PET/CT (P. 0.05). Interestingly, GLUT1 and hexoki-
nase 2 were overexpressed both in lymphoma cells and in the tumor
microenvironment, whereas FAP was expressed only in stromal cells.
FAP and GLUT1 expression correlated positively with 68Ga-FAPI SUVmax

(r 5 0.622, P 5 0.001) and 18F-FDG SUVmax (r 5 0.835, P , 0.001),
respectively. Conclusion: 68Ga-FAPI PET/CT was inferior to 18F-FDG
PET/CT in diagnosing lymphomas with low FAP expression. However,
the former may supplement the latter and help reveal the molecular pro-
file of lymphomas.

Key Words: 68Ga-FAPI PET; 18F-FDG PET, lymphoma; fibroblast
activation protein; glycolysis

J Nucl Med 2023; 64:1399–1405
DOI: 10.2967/jnumed.123.265530

Lymphomas are a heterogeneous group of lymphoproliferative
disorders that include Hodgkin lymphoma (HL) and non-Hodgkin
lymphoma. Despite the structural and molecular differences be-
tween lymphoma subtypes, it is well recognized that the tumor
microenvironment (TME) plays a critical role in lymphoma sur-
vival and growth (1–3). Recent progress has enhanced our knowl-
edge of the pivotal role of cancer-associated fibroblasts (which are
a prominent component of the TME and overexpress fibroblast
activation proteins [FAPs]) in potentially regulating tumor pro-
gression in hematologic neoplasms via cell-to-cell interactions and
secretion of different molecules (4). The role is even more promi-
nent given the swathes of FAP-based theranostics entering the
clinical arena (5,6).
In preliminary studies, positive expression of FAPs was detected

in different lymphoma subtypes via 68Ga-labeled FAP inhibitor
(FAPI) PET/CT, and the relationship between the histologic sub-
type and 68Ga-FAPI avidity was identified (7–9). Moreover, in
those studies, the reduced background activity favored the use of
68Ga-FAPI PET/CT in evaluating involvement of the brain, liver,
and head and neck regions.
Lymphoma cells demonstrate increased glucose metabolism,

which is due, in part, to an increased number of glucose transporter
proteins and increased intracellular enzyme levels of hexokinase
and phosphofructokinase, which promote glycolysis (10). This pro-
cess has underpinned the success of 18F-labeled FDG PET/CT in
most lymphomas. Currently, 18F-FDG PET/CT is integral in manag-
ing patients with lymphomas, particularly in locating lesions, per-
forming staging, detecting relapse, and monitoring tumor therapy.
This prospective study aimed to compare the diagnostic performance

of 68Ga-FAPI and 18F-FDG PET/CT in depicting different lymphoma
subtypes and to explore the histologic mechanism of the dual-tracer
imaging profiles. We hypothesized that 68Ga-FAPI PET/CT can be
an alternative to 18F-FDG PET/CT for lymphoma imaging.

MATERIALS AND METHODS

Study Participants
This study conformed with the principles of the Declaration of Helsinki,

was approved by the Institutional Review Board of our hospital (approval
2019KT95), and was registered with ClinicalTrials.gov (NCT04367948).
We consecutively recruited participants with lymphomas from May 2020
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to December 2021, and all participants provided written informed consent.
The participant inclusion criteria were as follows: a pathologic diagnosis of
lymphoma, an age of 18–75 y, expected survival of at least 12 wk, and at
least 1 target lesion with 68Ga-FAPI uptake. The exclusion criteria were as
follows: severe liver or kidney dysfunction, pregnancy or lactation, an
inability to lie on the scanner bed for 0.5 h, and an inability or unwilling-
ness (on the part of either the participant or a legal representative) to pro-
vide written informed consent. The final study cohort comprised 186
participants, including 61 participants with a previously reported 68Ga-
FAPI PET/CT study (7).

68Ga-FAPI and 18F-FDG Preparation
68Ga-FAPI and 18F-FDG were synthesized and radiolabeled as pre-

viously described (7). Both had more than 95% radiochemical purity.
The final products were diluted with saline and sterilized by being
passed through a 0.22-mm Millex-LG filter (EMD Millipore) before
injection.

PET/CT Imaging
The participants underwent 18F-FDG and 68Ga-FAPI PET/CT on

separate days within 7 d. After fasting for 6 h, their blood glucose
level was measured before 18F-FDG PET/CT scanning to ensure that
it was less than 10 mmol/L. For 68Ga-FAPI PET/CT scanning, no spe-
cific preprocedural preparation was required. We administered 18F-
FDG and 68Ga-FAPI intravenously at 3.7 and 1.8–2.2 MBq/kg,
respectively. At approximately 60 6 10 min after injection, an acqui-
sition was initiated at 6–8 bed positions (1 min/bed position) using a
hybrid system (Philips Gemini TF PET/CT scanner) that covered the
base of the skull to the upper thigh. Non–contrast-enhanced CT was
performed for attenuation correction and anatomic localization using
the following parameters: 100-mA modulation, 120 kV, and 3-mm
slice thickness. The dedicated head acquisition was separately con-
ducted at 1 bed position (8–10 min/bed position). Emission data were
corrected for random events, scatter, and decay. The data were recon-
structed using ordered-subset expectation maximum to obtain coronal,
sagittal, and cross-sectional PET and PET/CT images (7). Addition-
ally, the participants were asked to self-report any abnormalities at
30 min after 68Ga-FAPI PET/CT scanning.

Image Analysis
Two of the authors who have 8 and 10 y of experience in nuclear

oncology independently reviewed the 68Ga-FAPI PET/CT images, and
2 other authors who have 7 and 20 y of experience in nuclear

oncology independently reviewed the 18F-FDG PET/CT images. Any
disagreement was resolved by consensus. PET, CT, and PET/CT
images were viewed using a Philips EBW workstation. The lesions
were classified as nodal or extranodal according to the Lugano classifi-
cation (11). The presence and sites of lymphoma involvement and the
intensity of 68Ga-FAPI or 18F-FDG uptake in the lesions were
recorded for each PET scan. Increased radioactivity compared with
the background uptake was considered positive. Positive lesions were
finally determined by consensus analysis of histology, morphologic
imaging, and follow-up routine imaging examinations. Subsequent
quantification of tumor uptake was based on the SUVmax via the
region-of-interest technique. We also quantified the nonspecific back-
ground uptake in the liver within a 2-cm-diameter sphere and calcu-
lated the target-to-liver ratio (TLR).

Immunohistochemical Analysis
The expression of FAP in lymphoma lesions was evaluated in 25

postsurgical and 37 biopsy samples, comprising 9 with HL and 53

FIGURE 1. Flowchart of participant enrollment.

TABLE 1
Participant Characteristics

Characteristic n

Sex

Male 91 (48.9%)

Female 95 (51.1%)

Age (y)

.60 68 (36.6%)

#60 118 (63.4%)

Treatment type

Initial 133 (71.5%)

Progressed 26 (14.0%)

Relapsed 27 (14.5%)

Lesion distribution

Nodal only 56 (30.1%)

Extranodal, primary 40 (21.5%)

Both 90 (48.4%)

Histologic subtype

HL 24 (12.9%)

Non-Hodgkin lymphoma 162 (87.1%)

DLBCL 80 (43.0%)

Primary mediastinal large B-cell lymphoma 4 (2.2%)

Mantle cell lymphoma 5 (2.7%)

Burkitt lymphoma 2 (1.1%)

Lymphoblastic leukemia/lymphoma 6 (3.2%)

PTCL 18 (9.7%)

Extranodal NK/T-cell lymphoma 6 (3.2%)

FL 31 (16.7%)

Mucosa-associated lymphoid tissue 8 (4.3%)

Chronic lymphocytic leukemia/small
lymphocytic lymphoma

2 (1.1%)

PTCL includes 4 anaplastic large cell lymphoma, 2 PTCL (not
otherwise specified), 2 monomorphic epitheliotropic intestinal
T-cell lymphoma, and 10 angioimmunoblastic T-cell lymphoma
cases.
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with non-Hodgkin lymphoma (26 diffuse large B-cell lymphoma
[DLBCL], 2 mantle cell lymphoma, 1 Burkitt lymphoma, 5 peripheral
T-cell lymphoma [PTCL], 15 follicular lymphoma [FL], 2 mucosa-
associated lymphoid tissue, and 2 chronic lymphocytic leukemia/small
lymphocytic lymphoma). The expression of hexokinase 2 (HK2) and
glucose transporter 1 (GLUT1) was determined via immunohisto-
chemistry in 17 postsurgical and 25 biopsy specimens, including
5 HL, 17 DLBCL, 1 mantle cell lymphoma, 1 Burkitt lymphoma,
4 PTCL, 12 FL, 1 mucosa-associated lymphoid tissue, and 1 chronic
lymphocytic leukemia/small lymphocytic lymphoma.

Furthermore, tumor tissues were sliced into serial sections (4 mm)
for immunohistochemical staining and analysis as previously de-
scribed (10,12). Immunohistochemical staining was performed with
primary antibodies including anti-FAP (1:400), anti-GLUT1 (1:200),

and anti-HK2 (1:200) for 12 h at 4!C. Subsequently, horseradish per-
oxidase–labeled secondary antibodies (1:200) were incubated for 1 h
and then mixed with 3,3-diaminobenzidine solution for 15 min at
room temperature (22!C–26!C). Two experienced pathologists re-
viewed all the tissue sections. Finally, the expression of FAP, HK2,
and GLUT1 was assessed visually and quantitatively according to the
intensity and density of positive staining.

Statistical Analysis
All statistical analyses were performed using SPSS 20.0 software

(IBM Corp.). The median and range of SUVs and TLRs are presented.
Subsequently, the SUVmax and TLR of 68Ga-FAPI and 18F-FDG
PET/CT were compared using the paired-samples t test (normally dis-
tributed variables) or the Wilcoxon signed-rank test (skewed vari-
ables). The correlation between FAP, HK2, and GLUT1 expression
and 18F-FDG or 68Ga-FAPI uptake was evaluated using the Spearman
rank correlation coefficient. A 2-tailed P value of less than 0.05 was
considered statistically significant.

RESULTS

Participant Characteristics
Figure 1 shows the flowchart of participant enrollment, and

Table 1 summarizes their characteristics. In total, 186 participants
with various lymphoma subtypes (median age, 52 y [interquartile
range, 41–64y]; 95 women) were enrolled. PET/CT scans were per-
formed on 133 newly diagnosed participants, 26 participants with
progressive disease, and 27 participants experiencing relapse. Non-
Hodgkin lymphoma (87.1% [162 of 186]) was the most prevalent path-
ologic subtype. Of the 186 participants, 56 (30.1%) had only lymph
node involvement and 40 (21.5%) had primary extranodal lymphomas.

Participant-Based Visual Analysis
The 68Ga-FAPI PET/CT and 18F-FDG PET/CT scans of all parti-

cipants were evaluated. Lymphomas could be visually detected via
68Ga-FAPI PET/CT in 164 of 186 (88.2%) participants because of
low background activity, whereas on 18F-FDG PET/CT, they were
detected in 182 (97.8%) participants. When both imaging techni-

ques were used, lymphomas were detected
in all participants.

The dual-tracer imaging revealed 3 im-
aging patterns. Lesional accumulation was
greater for 68Ga-FAPI than for 18F-FDG in
9 of 186 (4.8%) participants but was simi-
lar between the 2 tracers in 70 of 186
(37.6%) participants. However, in 57.5%
(107 of 186) of participants, lesions were
less avid for 68Ga-FAPI than for 18F-FDG.
On a participant-based comparison accord-
ing to the visual system, 18F-FDG PET/CT
showed a higher accumulation than 68Ga-
FAPI PET/CT for all lymphoma subtypes
(Fig. 2). 68Ga-FAPI PET/CT and 18F-FDG
PET/CT identified 30 of 38 (78.9%) and
35 of 38 (92.1%) participants with bone
marrow involvement, respectively. Three
(7.9%) participants with bone marrow
involvement were missed via dual-tracer
PET/CT. 18F-FDG PET possessed a higher
staging accuracy (98.4%) than 68Ga-FAPI
PET (86.0%) (Supplemental Table 1; sup-
plemental materials are available at http://
jnm.snmjournals.org).

FIGURE 2. Visual comparative system was developed to compare
detection performance of 68Ga-FAPI PET/CT and 18F-FDG PET/CT for all
lymphoma subtypes. B-NHL 5 B-cell non-Hodgkin lymphoma; NHL 5

non-Hodgkin lymphoma; T-NHL5 T-cell non-Hodgkin lymphoma.

FIGURE 3. Images of 68Ga-FAPI and 18F-FDG PET/CT in 46-y-old woman with lymphoblastic
leukemia/lymphoma. (A) Maximum-intensity projection of 68Ga-FAPI PET. (B–H) Axial 68Ga-FAPI
PET/CT images (B, E, and G) and 18F-FDG PET/CT images (C, F, and H). (D) Maximum-intensity pro-
jection of 18F-FDG PET. Left breast involvement was detected with intense 68Ga-FAPI and 18F-FDG
uptake (B and C, arrows). PET/CT image showed lesion with focal 68Ga-FAPI uptake in pancreas (E,
arrow) and normal 18F-FDG activity (F, arrow). 18F-FDG PET/CT image showed lymph nodes positive
for uptake in internal mammary and subpleural areas (H, arrows), without corresponding 68Ga-FAPI
uptake (G, arrows). Intense 68Ga-FAPI uptake was noted in uterus (A, arrow).
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Lesion-Based Visual Analysis
In total, 5,980 lymphoma lesions (4,642 nodal and 1,338 extranodal)

were detected. 68Ga-FAPI PET/CT identified 3,041 lesions (50.9%;
2,196 nodal and 845 extranodal), whereas 18F-FDG PET/CT located
5,928 (99.1%, 4,624 nodal and 1,304 extranodal) (Figs. 3 and 4).
Additionally, 50% of lesions (2,989 of 5,980) were interpreted
as double-positive (68Ga-FAPI–positive/18F-FDG–positive), whereas

0.9% of lesions (52 of 5,980) were 68Ga-
FAPI–positive/18F-FDG–negative, including
18 nodal and 34 extranodal lesions. Further-
more, 49.1% of lesions (2,939 of 5,980)
were 18F-FDG–positive but 68Ga-FAPI–
negative, comprising 2,446 nodal and 493 ex-
tranodal lesions. The double-negative lesions
(68Ga-FAPI–negative/18F-FDG–negative)
were found only in bone marrow involve-
ment cases, as confirmed via morphologic
imaging and follow-up examination (Sup-
plemental Table 2).

Lesion-Based Semiquantitative Analysis
The SUVmax and TLR of lymphoma

lesions detected via 68Ga-FAPI were com-
pared with those detected via 18F-FDG
PET/CT (Table 2). All tumor entities
exhibited a higher interindividual and intra-
lesional SUVmax variation on 68Ga-FAPI
PET/CT than on 18F-FDG PET/CT. How-
ever, the highest uptake of 68Ga-FAPI did
not significantly differ from that of 18F-
FDG in most subtypes, except DLBCL,
PTCL, extranodal NK/T-cell lymphoma,
and FL (P , 0.05). Regarding TLR, nearly

all lymphoma subtypes presented no relevant differences, except
HL (P 5 0.01).
Table 3 lists the SUVmax obtained via 68Ga-FAPI and 18F-FDG

PET/CT for comparing nodal and extranodal lesions by lymphoma
subtype. In nodal lesions, the 68Ga-FAPI SUVmax and 18F-FDG
SUVmax showed no significant difference for most lymphoma sub-
types, except DLBCL (P , 0.001) and FL (P , 0.001). Similarly,

FIGURE 4. Images of 68Ga-FAPI and 18F-FDG PET/CT in 60-y-old woman with DLBCL. (A)
Maximum-intensity projection of 68Ga-FAPI PET. (B–H) Axial 68Ga-FAPI PET/CT images (B, E, and
G) and 18F-FDG PET/CT images (C, F, and H). (D) Maximum-intensity projection of 18F-FDG PET.
Hypermetabolic pulmonary nodule on 18F-FDG PET/CT did not indicate uptake of 68Ga-FAPI (B and
C, arrows). 68Ga-FAPI PET/CT was superior to 18F-FDG PET/CT in depicting involvement of pan-
creas (E and F, arrows). Lymph node showed more intense uptake of 8F-FDG than of 68Ga-FAPI
(G and H, arrows). 18F-FDG PET/CT identified 3 involved lymph nodes in left inguinal region, whereas
68Ga-FAPI PET/CT did not detect those lymph nodes (D, arrows). Intense 68Ga-FAPI uptake was
noted in uterus (A, arrow).

TABLE 2
Comparison of 68Ga-FAPI and 18F-FDG PET/CT Based on Tracer Uptake and TLR of Lesions

Histology

SUVmax TLR

68Ga-FAP 18F-FDG P 68Ga-FAPI 18F-FDG P

HL 10.3 (4.2–19.3) 12.2 (6.3–29.6) 0.06* 6.3 (1.7–16.5) 4.6 (2.1–13.5) 0.01

DLBCL 9.9 (2.7–21.5) 20.1 (3.0–49.7) ,0.001* 5.5 (1.3–20.4) 7.5 (1.1–22.2) 0.67

PMBL 17.5 (8.9–30.6) 20.0 (15.7–29.0) 0.47 10.7 (5.2–18.1) 8.1 (4.9–8.5) 0.18

MCL 5.0 (2.8–9.8) 15.9 (4.5–20.2) 0.09* 3.0 (1.1–6.3) 5.0 (1.5–10.1) 0.44*

BL 13.2 (7.3–19.1) 21.0 (19.6–22.3) 0.18 7.5 (3.0–11.9) 7.1 (6.8–7.4) 0.18

LBL 6.7 (1.8–26.0) 11.6 (3.1–50.4) 0.08 4.0 (1.2–15.3) 4.2 (1.0–21.9) 0.35

PTCL 8.5 (1.1–25.3) 10.7 (2.8–22.1) 0.04* 4.2 (1.8–14.1) 3.6 (0.9–6.9) 0.09*

ENKTCL 8.0 (7.5–8.7) 13.1 (9.7–20.0) 0.01* 4.1 (2.8–9.3) 5.7 (2.8–7.1) 0.77*

FL 6.1 (1.7–17.8) 13.0 (5.6–47.9) ,0.001 4.4 (0.5–9.5) 3.5 (1.8–15.5) 0.32

MALT 8.3 (1.8–14.6) 7.6 (1.3–14.0) 0.84* 4.4 (1.3–7.7) 2.8 (0.5–4.4) 0.07*

CLL/SLL 5.7 (5.5–5.9) 5.6 (4.0–7.2) 0.66 4.0 (3.7–4.2) 1.8 (1.3–2.3) 0.18

*Paired-samples t test was performed. Other P values are for Wilcoxon signed-rank test.
PMBL 5 primary mediastinal large B-cell lymphoma; MCL 5 mantle cell lymphoma; BL 5 Burkitt lymphoma; LBL 5 lymphoblastic

leukemia/lymphoma; ENKTCL 5 extranodal NK/T-cell lymphoma; MALT 5 mucosa-associated lymphoid tissue; CLL/SLL 5 chronic
lymphocytic leukemia/small lymphocytic lymphoma.

Data are median and range.
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in extranodal lesions, no significant difference was found between
these values in most subtypes, except DLBCL (P , 0.001), PTCL
(P5 0.03), and lymphoblastic leukemia/lymphoma (P5 0.04).

In total, 141 of the 186 (75.8%) participants with lymphoma
presented with extranodal involvement (Table 4). In comparing
extranodal lesions according to organ involvement, we found that

TABLE 3
Comparison of 68Ga-FAPI and 18F-FDG Uptake in Nodal and Extranodal Lesions by Different Lymphoma Subtypes

Histology

Nodal SUVmax Extranodal SUVmax

68Ga-FAPI 18F-FDG P 68Ga-FAPI 18F-FDG P

HL 8.6 (4.2–19.3) 11.6 (6.3–29.6) 0.09 7.9 (1.9–15.2) 10.1 (2.3–17.8) 0.18*

DLBCL 8.9 (1.3–20.2) 14.0 (1.5–48.9) ,0.001 9.0 (0.9–21.5) 18.5 (3.0–49.7) ,0.001

PMBL 17.5 (8.9–30.6) 20.0 (15.7–29.0) 0.47 12.9 (9.4–16.3) 10.3 (7.7–12.6) 0.66

MCL 2.8 (1.4–8.8) 15.9 (3.1–18.3) 0.06* 4.4 (1.2–9.8) 5.7 (4.5–20.2) 0.14

BL NA NA NA 13.2 (7.3–19.1) 21.0 (19.6–22.3) 0.18

LBL 7.2 (2.3–7.8) 7.0 (5.2–50.4) 0.29 6.5 (1.8–26.0) 24.7 (3.1–50.3) 0.04

PTCL 7.0 (1.1–25.3) 9.7 (4.4–22.1) 0.08* 5.2 (1.4–12.0) 7.8 (2.0–19.1) 0.03

ENKTCL 7.3 (1.8–7.6) 10.1 (5.2–18.2) 0.11 8.0 (6.7–8.7) 11.5 (5.8–20.0) 0.07*

FL 6.0 (1.7–17.8) 12.6 (5.6–47.9) ,0.001 4.8 (1.5–14.3) 7.2 (3.7–15.3) 0.10

MALT 3.4 (1.8–8.9) 4.6 (2.7–4.4) 0.45* 8.3 (1.8–14.6) 7.3 (1.3–14.0) 0.81*

CLL/SLL 5.7 (5.5–5.9) 5.6 (4.0–7.2) 0.66 4.5 3.4 NA

*Paired-samples t test was performed. Other P values are for Wilcoxon signed-rank test.
PMBL 5 primary mediastinal large B-cell lymphoma; MCL 5 mantle cell lymphoma; BL 5 Burkitt lymphoma; NA 5 not applicable;

LBL 5 lymphoblastic leukemia/lymphoma; ENKTCL 5 extranodal NK/T-cell lymphoma; MALT 5 mucosa-associated lymphoid tissue;
CLL/SLL 5 chronic lymphocytic leukemia/small lymphocytic lymphoma.

Data are median and range.

TABLE 4
Comparison of 68Ga-FAPI and 18F-FDG Uptake in Extranodal Regions of Lymphoma

Region Participants (n) 68Ga-FAPI SUVmax
18F-FDG SUVmax P

Stomach 32 10.4 (1.8–20.3) 14.0 (1.3–29.5) 0.02

Bone/bone marrow 38 4.6 (0.6–16.4) 6.8 (1.8–40.5) ,0.001*

Intestine 20 11.4 (2.7–16.4) 15.8 (5.8–43.1) ,0.001

Lung 20 5.3 (0.9–17.2) 6.5 (2–18.0) 0.09

Skin 17 3.6 (1.5–8.4) 6.5 (2.4–42.6) 0.05

Muscle 14 7.5 (1.6–19.1) 9.8 (4.2–47.1) 0.01*

Nasal cavity 14 7.6 (2.0–21.5) 11.1 (4.1–37.0) 0.01*

Breast 9 6.5 (1.5–15.1) 16.8 (3.2–49.7) 0.01

Liver 7 5.9 (2.8–8.8) 11.6 (4.4–20.0) 0.02

Pancreas 6 11.2 (3.8–22.9) 6.0 (3.9–16.4) 0.28

Kidney 6 6.4 (4.3–8.7) 8.1 (5.5–20.9) 0.14

Uterus 6 9.9 (9.0–26.0) 21.9 (7.4–50.3) 0.06*

Pleura 3 3.8 (3.6–6.1) 6.3 (5.2–8.8) 0.11*

Adrenal gland 2 3.8 (2.3–5.3) 22.1 (3.6–40.5) NA

Brain 2 5.9 (2.8–9.0) 21.9 (19.1–24.6) NA

Thyroid 2 13.6 (8.1–19.1) 18.7 (15.0–22.3) NA

Testicle 2 4.8 (3.7–5.8) 8.7 (5.5–11.8) NA

Prostate 1 9.7 5.2 NA

*Wilcoxon signed-rank test was performed. Other P values are for paired-samples t test.
NA 5 not applicable.
SUV data are median and range.
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the median 18F-FDG SUVmax was significantly higher than the
median 68Ga-FAPI SUVmax in the stomach, bone/bone marrow,
intestine, muscle, nasal cavity, breast, and liver (P , 0.05).

Immunohistochemistry
Figure 5 shows representative examples of the FAP, HK2, and

GLUT1 immunostaining results. Of 62 specimens, 40 (64.5%)
stained positively for FAP: 55.6% (5/9) of HL, 80.8% (21/26) of
DLBCL, 50% (1/2) of mantle cell lymphoma, 100% (1/1) of Burkitt
lymphoma, 80% (4/5) of PTCL, 40% (6/15) of FL, 50% (1/2) of
mucosa-associated lymphoid tissue, and 50% (1/2) of chronic lym-
phocytic leukemia/small lymphocytic lymphoma specimens. FAP
was locally expressed in stromal cells and was observed predomi-
nantly on the plasma membrane (Fig. 5G).
Of 42 specimens, 30 (71.4%) stained positively for HK2 and 32

(76.2%) for GLUT1. HK2 and GLUT1 were expressed in 80%
(4 of 5) and 100% (5 of 5) of HL, 88.2% (15/17) and 82.4% (14/17)

of DLBCL, 50% (2/4) and 75% (3/4) of
PTCL, and 50% (6/12) and 66.7% (8/12) of
FL specimens, respectively. Additionally,
HK2 and GLUT1 were detected in both
lymphoma cells and the TME. Specifically,
HK2 was located in the cytoplasm (Fig. 5H)
and GLUT1 on the cell membrane and in
the cytoplasm (Fig. 5I).
The mean cell densities of FAP, HK2,

and GLUT1 expression in lymphomas
were 24.7%, 45.6%, and 58.0%, respec-
tively (Fig. 6). For non-Hodgkin lym-
phoma, the SUVmax of lesions correlated
significantly with the cell densities of FAP
expression (r 5 0.622, P 5 0.001), consis-
tent with the findings of a previous study
(7). GLUT1 expression correlated posi-
tively with the SUVmax of the involved
lesions (r 5 0.835, P , 0.001); however,
HK2 expression was not significantly asso-
ciated with 18F-FDG uptake (r 5 0.13,
P 5 0.49). Additionally, the cell densities
of FAP expression were significantly lower
than those of HK2 and GLUT1 expression

in most lymphoma subtypes (P , 0.001), generating a weaker
tracer uptake of 68Ga-FAPI than of 18F-FDG.

DISCUSSION

To the best of our knowledge, this was the first study to compre-
hensively compare 68Ga-labeled FAPI PET/CT with 18F-labeled
FDG PET/CT in terms of FAP expression and glycolytic metabo-
lism in different histologic subtypes of lymphoma. Through dual-
tracer imaging, 3 imaging patterns were revealed: 68Ga-FAPI
PET/CT imaging profiles were inferior to (57.5%), similar to
(37.6%), or superior to (4.8%) 18F-FDG PET/CT imaging profiles.
Tracer avidities depend mainly on the origin, density, and distribu-
tion of FAP and glycolytic markers in the involved lesions
(12,13). Glycolytic markers with high cell density were overex-
pressed in tumors and the TME, resulting in the higher rates of
detecting lymphoma. Taken together, the findings indicate that the
imaging modality of choice for the diagnosis of lymphoma should
still be 18F-FDG PET/CT, which is also the current standard.
FAP-positive cancer-associated fibroblasts are reportedly related

to the survival of participants with lymphomas and are potential
new molecular targets (6). To support histopathologic and genic
evidence, previous studies visualized FAP-expressing cancer-
associated fibroblasts in most lymphoma subtypes via 68Ga-FAPI
PET/CT and suggested that FAP is a suitable target for diagnostic
and therapeutic regimens (7–9). To further characterize the role of
68Ga-FAPI PET/CT in lymphoma, we recruited more participants
with lymphoma and conducted a head-to-head comparison with
18F-FDG PET/CT, which is the current standard, in the same parti-
cipants with different lymphoma subtypes.
Compared with 18F-FDG PET/CT, 68Ga-FAPI PET/CT showed

more intrasubtype, intraindividual, and intralesion variations in the
avidity of lymphomas and seemed to be inferior, similar, or supe-
rior to 18F-FDG PET/CT in the participant-based visual analysis.
We hypothesized that TME reprogramming induced by lymphoma
cells, growth factors, cytokines, and other enzymes (14) can result
in a varying FAP occurrence in the stromal cells of lymphoma,

FIGURE 5. Immunohistochemical staining of FAP, HK2, and GLUT1 (3200 for A–F and 3400 for
G–I). (A, B, and C) DLBCL samples with intense, mild, and intense expression of FAP, HK2, and
GLUT1, respectively. (D–F) No positive staining for FAP was observed in low-grade FL (D), whereas
that for HK2 (E) and GLUT1 (F) was mild to moderate. (G) FAP (arrows) was detected only in stromal
cells and was localized predominantly on plasma membrane. (H) HK2 (arrows) was specifically
located in cytoplasm. (I) GLUT1 (arrows) was found on plasma membrane and in cytoplasm.

FIGURE 6. Cell densities of FAP, HK2, and GLUT1 in different lym-
phoma subtypes. FAP had significantly lower cell densities than HK2 and
GLUT1 in most lymphoma subtypes. BL 5 Burkitt lymphoma; CLL/SLL 5

chronic lymphocytic leukemia/small lymphocytic lymphoma; MALT 5

mucosa-associated lymphoid tissue; MCL5mantle cell lymphoma.
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especially in the indolent subtypes. Our immunohistochemical anal-
ysis revealed FAP-positive expression in 55.6%, 80.8%, 80%, and
40% of participants with HL, DLBCL, PTCL, and FL, respectively.
Furthermore, indolent lymphomas contained low-cell-density FAP.
These results may explain the lower 68Ga-FAPI SUVmax in some
lesions or subtypes. Additionally, the FAP expression of nodal
lesions correlated with nodal size. Serfling et al. (15) reported that
lymph nodes up to 7mm in size exhibited weak FAP expression in
less than 10% of the surrounding tumor-associated stromal cells.
This finding might explain the FAPI-negative expression in small
nodes and lower nodal detection rates in 68Ga-FAPI PET/CT.
The Warburg effect represents the metabolic reprogramming of

cancer cells to favor glycolytic metabolism (16). Recently, aerobic
glycolysis has been increasingly proven to be a key process in brisk
immune infiltrates and tertiary lymphoid structures in the TME
(17). Our immunohistochemical data proved that HK2 and GLUT1
are highly expressed in both tumor cells and the TME. Additionally,
the positive rates (71.4% and 76.2% vs. 64.5%) and cell densities
(45.6% and 58.0% vs. 24.7%) of HK2 and GLUT1 were higher
than those of FAP in lymphoma specimens. These results might
explain why 18F-FDG PET/CT possessed a superior imaging profile
in most of the participants and could detect more lesions, especially
the nodal lesions. Histopathologically, the 18F-FDG SUVmax was
significantly higher than the 68Ga-FAPI SUVmax in DLBCL, PTCL,
extranodal NK/T-cell lymphoma, and FL. Extranodal organs
(including bone marrow), which were mostly involved in DLBCL,
accumulated more 18F-FDG than 68Ga-FAPI, although FAP was
overexpressed by cancer-associated fibroblasts in the lymphoma
stroma. Because of low background activity, TLR was not signifi-
cant in nearly any lymphoma subtypes, except HL (P 5 0.01).
However, some lesions with larger diameters may still be missed
during 18F-FDG PET/CT, which may reveal lower expression of
HK2 and GLUT1 in tumor cells (18).
Moreover, the dual-tracer imaging was promising. It not only

located all lymphoma lesions but also allowed whole-body lym-
phoma characterization. Evaluating tumor intraparticipant and
interlesion heterogeneity might elucidate the interaction occurring
in lymphoma progression and set the basis for new cancer-
monitoring strategies.
This study had some limitations. First, histopathologic results

were not available for all lymphoma subtypes because not all
imaging-positive lesions were biopsied. Second, the number of par-
ticipants with rare lymphoma subtypes was relatively small, result-
ing in statistical uncertainty. Third, prognostic implications were
not addressed.

CONCLUSION

68Ga-labeled FAPI PET/CT was inferior to 18F-labeled FDG
PET/CT in diagnosing lymphoma. However, 68Ga-FAPI PET/CT
could characterize the cancer-associated fibroblast status, which
might be helpful in analyzing the long-term prognosis of patients
with respect to their disease-free and overall survival.
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KEY POINTS

QUESTION: Can 68Ga-FAPI PET/CT be an alternative method to
18F-FDG PET/CT for characterizing lymphoma profiles?

PERTINENT FINDINGS: 68Ga-FAPI PET/CT showed lower rates
of detecting lymphomas than 18F-FDG PET/CT (50.9% vs.
99.1%). FAP and GLUT1 expression correlated positively with
radiotracer accumulation in lymphoma lesions (68Ga-FAPI: r 5
0.622, P 5 0.001; 18F-FDG: r 5 0.835, P , 0.001).

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/CT (whose
performance was associated with FAP expression) was inferior to
18F-FDG PET/CT in detecting lymphomas that overexpressed
glycolytic markers. High 68Ga-FAPI uptake in aggressive lymphoma,
including HL, implied the potential for application of FAP-targeted
radionuclide therapy.
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The current study aimed to compare 68Ga-NODAGA-Cpa-cyclo(D-Cys-
amino-Phe-hydroorotic acid-D-4-amino-Phe(carbamoyl)-Lys-Thr-Cys)-
D-Tyr-NH2 (JR11) and 68Ga-DOTATATE PET/CT in patients with
metastatic, well-differentiated neuroendocrine tumors. Methods: A
prospective bicenter study aimed at enrolling 100 patients with histo-
logically proven, metastatic or unresectable, well-differentiated neuro-
endocrine tumors was conducted. The first 48 patients represented
the study cohort. Each patient received 68Ga-DOTATATE on the first
day and 68Ga-NODAGA-JR11 on the second day. Whole-body PET/CT
scans were performed at 40–60min after injection. Normal-organ
uptake, lesion numbers, lesion uptake, and sensitivity were com-
pared. The potential impact on clinical management was also deter-
mined. Results: Overall, 68Ga-NODAGA-JR11 demonstrated lower
background uptake in normal organs. Compared with 68Ga-DOTA-
TATE, 68Ga-NODAGA-JR11 detected significantly more liver lesions
(673 vs. 584, P5 0.002). The target-to-background ratio of liver lesions
was significantly higher on 68Ga-NODAGA-JR11 (6.46 8.7 vs. 3.16
2.6, P5 0.000). Comparable uptake was observed for primary tumors,
bone lesions, and lymph node metastases. In total, 180 lesions were
detected on conventional imaging in 15 patients; 165 and 139 lesions
of themwere positive on 68Ga-NODAGA-JR11 and 68Ga-DOTATATE,
leading to a sensitivity of 91.7% and 77.2%, respectively. In 14.5%
(7/48) of patients, 68Ga-NODAGA-JR11 PET might have a potential
impact on clinical management. Conclusion: 68Ga-NODAGA-JR11
shows better sensitivity and a higher target-to-background ratio than
68Ga-DOTATATE. The detection of more lesions by the antagonist
may have a potential impact on clinical management in a subgroup of
patients.

Key Words: somatostatin receptor antagonist; 68Ga-NODAGA-JR11;
68Ga-DOTATATE; neuroendocrine tumor; PET/CT
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Neuroendocrine tumors (NETs) are a heterogeneous group of
neoplasms arising from endocrine cells. Most NETs overexpress

somatostatin receptor (SSTR), a G-protein–coupled membrane recep-
tor that can be targeted for molecular imaging and radionuclide
therapy (1). SSTR imaging plays a critical role in the management
of NETs, including staging, restaging, prognosis, therapy decision-
making, and response monitoring (2). However, the detection ability
of 68Ga-labeled SSTR agonists such as 68Ga-DOTATATE is still
limited. There remains a clinical need to improve SSTR imaging.
Recently, an important improvement in the field of SSTR imaging

was the introduction of SSTR antagonists (3–8). Bass et al. described
the first radiolabeled SSTR antagonists in 1996 (9). Cpa-cyclo(D-
Cys-amino-Phe-hydroorotic acid-D-4-amino-Phe(carbamoyl)-Lys-
Thr-Cys)-D-Tyr-NH2 (JR11) is a novel SSTR2 antagonist with
promising results in preclinical studies, but the clinical evidence is
scarce (10). We reported a case of 68Ga-DOTATATE–negative gas-
tric NET (grade 2). The gastric lesion was successfully imaged with
68Ga-NODAGA-JR11 and subsequently treated with endoscopic
submucosal dissection (11). Nicolas et al. found that 68Ga-NODAGA-
JR11 was superior to 68Ga-DOTATOC in sensitivity, lesion detec-
tion, and image contrast in patients with low- or intermediate-grade
gastroenteropancreatic NETs (12).
The current article describes an interim analysis of a prospective

bicenter study aimed at comparing 68Ga-NODAGA-JR11 and 68Ga-
DOTATATE PET/CT in patients with metastatic, well-differentiated
NETs.

MATERIALS AND METHODS

Study Design and Patient Population
This was a prospective bicenter study conducted at the First Affili-

ated Hospital of Fujian Medical University and Peking Union Medical
College Hospital and aimed to enroll 100 patients. The study was regis-
tered at ClinicalTrials.gov (NCT04897542) and approved by the insti-
tutional review board of the First Affiliated Hospital of Fujian Medical
University and Peking Union Medical College Hospital. All subjects
gave written informed consent before study participation. Patients with
histologically proven, metastatic or unresectable, well-differentiated
NETs (grade 1 or 2) were prospectively and consecutively recruited to
this study. If the patient was on a long-acting somatostatin analog, a
washout phase of 28 d was required before study participation. No
NET-specific treatment was allowed between the 2 scans. This interim
analysis comprises 48 patients enrolled between August 2020 and
November 2021, 24 in each center.

Received Sep. 7, 2022; revision accepted Apr. 20, 2023.
For correspondence or reprints, contact Li Huo (huoli@pumch.cn) or

Shaobo Yao (yaoshaobo008@163.com).
*Contributed equally to this work.
Published online Jul. 20, 2023.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

1406 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 9 & September 2023



68Ga-DOTATATE and 68Ga-NODAGA-JR11 Preparation
Good-manufacturing-grade NODAGA-JR11 and DOTATATE pre-

cursors were supplied by CS Bio Co. and ABX GmbH, respectively.
The radiolabeling was performed manually in a hot cell. Briefly,
68GaCl3 was eluted from a 68Ge/68Ga generator (Eckert & Ziegler
GalliaPharm) using 5 mL of 0.1 M hydrochloride acid. The eluent
(about 250 MBq) was added to a reaction vial containing the precursor
(for NODAGA-JR11, 40 mg; for DOTATATE, 40 mg) and dissolved
in sodium acetate buffer, for a final pH of 4 for the reaction mixture.
The mixture was heated to 100!C for 10 min. After cooling at room
temperature, the reaction mixture was diluted with 5 mL of saline and
then loaded onto an Oasis HLB cartridge (Waters) (preconditioned
with 1 mL of ethanol and 5 mL of saline) and washed with saline to
remove unincorporated radionuclide. Finally, the product was eluted
off the cartridge with 75% ethanol solution, diluted with saline, and
passed through a Millipore filer (0.22 mm, 25 mm) into a sterile prod-
uct vial. The radiochemical purity of the final product was more than
99%, and the ethanol amount was not more than 10% for injection.
The non–decay-corrected radiochemical yield of 68Ga-NODAGA-JR11
and 68Ga-DOTATATE was about 65% for a 30-min radiolabeling pro-
cess. The radioactivity of the final injection would be about 150 MBq
after 40 min of 68Ga elution (30 min for labeling 1 10 min for patient
preparation). The injected peptide dose was 40 mg per patient, and the
specific activity was about 3.75 MBq/mg.

68Ga-DOTATATE and 68Ga-NODAGA-JR11 PET/CT Imaging
The study was performed on a time-of-flight PET/CT scanner (Bio-

graph mCT64; Siemens) at both centers. The patients received an intra-
venous injection of 68Ga-DOTATATE (150 6 55 MBq) on the first day
and 68Ga-NODAGA-JR11 (148 6 52 MBq) on the second day. The CT
scans were performed with tube voltage of 120 kV, effective tube current
of 70–120 mA (CareDose 4D; Siemens), and a slice thickness of 3 mm.
PET data were reconstructed using ordered-subsets expectation maximi-
zation (2 iterations and 21 subsets).

Adverse Event Monitoring
Vital signs (blood pressure and heart rate) and clinical symptoms

were monitored and recorded for up to 2 h after injection. Adverse
events were recorded according to version 4.03 of the Common Ter-
minology Criteria for Adverse Events.

Image Interpretation and Data Analysis
68Ga-DOTATATE and 68Ga-NODAGA-JR11 PET/CT images were

analyzed on a Syngo MultiModality Workplace (Siemens). The images
were reviewed by a board-certified nuclear medicine physician. The
reader was masked to patients’ medical history and radiopharmaceuti-
cal. When the reader reviewed the images, the lesion number, location,
and uptake were recorded in the report form. After all measurements
were finished, the reader was permitted to reopen the 2 scans again and
compare the data. However, any revision to the original data was not
allowed in this phase; only comparison and reconciliation were allowed.

For normal tissues, the physiologic uptake of 68Ga-DOTATATE and
68Ga-NODAGA-JR11 in the following organs was recorded: pituitary
gland, lungs, spleen, renal cortex, adrenal glands, normal liver paren-
chyma, stomach, small intestine, and pancreas (uncinate process).
Regions of interest were drawn over the organs, excluding focal
lesions. Any activity from adjacent organs such as renal pelvis and uri-
nary bladder was avoided. The SUVmax (using body weight normaliza-
tion) of the regions of interest in normal organs was recorded. In the
case of bilateral organs such as the adrenal glands and renal cortex, the
average SUVmax was calculated.

Any focal accumulation of 68Ga-DOTATATE and 68Ga-NODAGA-
JR11 not explained by physiologic uptake or benign lesions, such as
bone trauma, hemangioma, and degeneration disease, was defined as a

focal lesion. CT correlation was used to help characterize the lesions.
Regions of interest were drawn around the lesions on transverse slices
for semiquantitative analysis. The number and SUVmax of focal lesions
were recorded. For liver lesions, relative uptake was quantified using
target-to-background ratio, defined as the SUVmax of the lesion divided
by the SUVmax of the normal liver parenchyma.

Sensitivity
To calculate the sensitivity of 68Ga-DOTATATE and 68Ga-NODAGA-

JR11 PET/CT, comparison with conventional imaging using contrast-
enhanced MRI or CT was performed. Patients with available conventional
imaging (MRI was preferred if both MRI and CT were available) within
1 y of the PET study were included in the analysis.

The lesion-based sensitivity of the PET studies was calculated as the
percentage of lesions on conventional imaging positive for PET uptake.
An alternative combination strategy was also used to calculate the sen-
sitivity; that is, lesions visible on any of the 3 imaging modalities (con-
ventional imaging, 68Ga-DOTATATE PET, or 68Ga-NODAGA-JR11
PET) were considered true lesions for NET. This was part of an explor-
atory extension and not part of the original study design.

Potential Impact on Clinical Management
To answer whether the imaging findings on 68Ga-NODAGA-JR11

PET/CT would change the patients’ clinical management, an imaging-
based post hoc analysis was done. The 68Ga-NODAGA-JR11 PET results
would be considered to potentially impact clinical management if any
of the criteria shown in Table 1 were fulfilled. This was part of an
exploratory extension and not part of the original study design.

Statistical Analysis
Data were expressed as mean 6 SD. Differences in SUVmax and

target-to-background ratio between 68Ga-NODAGA-JR11 and 68Ga-
DOTATATE were evaluated using paired t tests (SPSS, version 23)
and only for matched lesions. The lesion numbers were statistically
compared using sign tests. The McNemar test was used to compare
sensitivity. A P value of less than 0.05 was considered to indicate a
significant difference.

TABLE 1
Criteria to Define Potential Impact on Clinical Management

of 68Ga-NODAGA-JR11 over 68Ga-DOTATATE

Lesion type Imaging finding

Primary Not found ! found

Liver metastases Not found ! found

Unilobar lesions ! bilobar lesions*

No more than 5 lesions ! more
than 5 lesions†

Bone metastases Not found ! found

Oligometastases (no more than
3 lesions) ! more than 3 lesions‡

Nodal metastases Not found ! found

Other metastases Not found ! found

*Finding of bilobar lesions could affect decision on and delivery
of surgery.

†Number of lesions could affect decision on ablation.
‡Number of lesions could affect decision on external-beam

radiation therapy.
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RESULTS

The clinical characteristics are summarized in Supplemental
Table 1 (supplemental materials are available at http://jnm.
snmjournals.org). Both tracers were tolerated well by all patients.
No adverse events were reported.

Biodistribution
Mild to moderate uptake was noted for 68Ga-NODAGA-JR11

in almost all organs except the urinary tract (Fig. 1; Table 2).
Compared with 68Ga-DOTATATE, 68Ga-NODAGA-JR11 showed
lower background uptake except for the lung.

Tumor Detection
In total, 1,095 and 1,003 focal lesions

were depicted on 68Ga-NODAGA-JR11
and 68Ga-DOTATATE PET/CT, respec-
tively (P 5 0.007; Supplemental Table 2).
On patient-based comparison, 68Ga-

NODAGA-JR11 demonstrated a better de-
tection ability for liver lesions (Fig. 1). Of
37 patients with liver metastases, 54.1%
(20/37) showed more liver metastases on
68Ga-NODAGA-JR11 than on 68Ga-DOTA-
TATE, whereas 35.1% (13/37) demonstrated
comparable results. Only 4 patients had few-
er liver lesions detected on 68Ga-NODAGA-
JR11 PET/CT (Fig. 2).
On lesion-based comparison, 68Ga-

NODAGA-JR11 detected significantly more
liver lesions (673vs. 584,P5 0.002; Fig. 3).
For primary tumors, bone metastases,

and lymph node metastases, the 2 tracers
were comparable on both patient-based and
lesion-based comparison.

Tumor Uptake
For matched lesions, 68Ga-NODAGA-

JR11 demonstrated comparable uptake ex-
cept that uptake by bone lesions was significantly lower (Table 3).
The target-to-background ratio for liver lesions, however, was signif-
icantly higher on 68Ga-NODAGA-JR11 than on 68Ga-DOTATATE
(6.46 8.7 vs. 3.16 2.6, P 5 0.000).

Sensitivity Estimation
There were 15 patients (6 from one center and 9 from the other)

with available contrast-enhanced MRI or CT within 1 y of the
study. The median interval between PET and conventional imag-
ing was 3mo (range, 0–12mo). Eight of the follow-up conven-
tional imaging studies were contrast-enhanced MRI, and 7 were
contrast-enhanced CT. There were a total of 180 lesions detected

FIGURE 1. Comparison of whole-body maximum-intensity projections of 6 representative patients
(patients 26, 32, 33, 36, 43, and 45 from left to right). Physiologic uptake is seen at pituitary gland,
salivary glands, thyroids, adrenal glands, spleen, and bowel on 68Ga-DOTATATE images (top row).
Nevertheless, these normal organs show minimal or mild uptake on 68Ga-NODAGA-JR11 images
(bottom row). Besides, 68Ga-NODAGA-JR11 depicts more liver lesions than 68Ga-DOTATATE, with
lower liver background uptake.

TABLE 2
Comparison of Normal-Organ SUVmax Between 68Ga-NODAGA-JR11 and 68Ga-DOTATATE PET/CT

Organ JR11 TATE P

Spleen (n 5 43)* 8.46 4.2 17.765.5 0.000

Renal cortex (n 5 48) 10.26 3.2 11.962.8 0.006

Adrenal glands (n 5 48) 7.16 3.7 11.864.5 0.000

Pituitary gland (n 5 48) 5.76 2.8 7.863.0 0.000

Stomach wall (n 5 48) 1.46 0.6 1.961.0 0.002

Lung (n 5 48) 0.56 0.2 0.360.1 0.000

Normal liver parenchyma (n 5 48) 3.96 1.9 7.162.0 0.000

Small intestine (n 5 48) 1.76 0.7 2.561.3 0.001

Pancreas (uncinate process, n 5 41)† 3.36 2.2 4.762.5 0.008

Bone marrow (L5 vertebra, n 5 45)‡ 1.26 0.4 1.560.4 0.000

*Splenectomy was done in 5 patients.
†Pancreas uptake measurement was ruled out in 7 patients because of focal lesions in uncinate process or partial or total pancreatectomy.
‡Bone marrow uptake for focal lesions in L5 vertebra could not be measured in 3 patients.
Data are expressed as mean 6 SD.
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on conventional imaging; 165 and 139 of the lesions were positive
on 68Ga-NODAGA-JR11 and 68Ga-DOTATATE, leading to a mean
sensitivity of 91.7% (range, 87.6%–95.7%) and 77.2% (range,
71.0%–83.4%), respectively. All lesions missed by 68Ga-NODAGA-
JR11 were small, usually less than 0.5 cm. Bone and other lesions
outside the scan field of view on conventional imaging were not
included in the analysis.
Notably, 26 lesions within the scan field of view on conventional

imaging were identifiable on PET but not on conventional imaging.
All were positive for uptake on both PET scans, including 1 pan-
creatic lesion missed on MRI, 1 pancreatic lesion missed on CT,
and 24 hepatic lesions missed on CT. All 26 lesions were in loca-
tions typical of NET and had a markedly elevated SUVmax (mean,

21.5 and 18.7 for 68Ga-NODAGA-JR11
and 68Ga-DOTATATE, respectively). After
discussion with a radiologist and an oncolo-
gist, these 26 lesions were all considered
NET lesions. There were 206 lesions identi-
fied using the combination strategy. The
sensitivity of 68Ga-NODAGA-JR11, 68Ga-
DOTATATE, and conventional imaging
was 92.7% (range, 89.1%–96.3%), 79.6%
(range, 74.1%–85.2%), and 87.4% (range,
82.8%–92.0%), respectively.

Potential Impact on Clinical
Management
In 56% (27/48) of patients, there were

discrepancies between 68Ga-NODAGA-
JR11 and 68Ga-DOTATATE PET. Among
them, 14.5% (7/48) of patients showed that
68Ga-NODAGA-JR11 PET might have
potentially changed clinical management by
detecting more lesions than 68Ga-DOTA-

TATE according to the criteria. In 1 patient (patient 41), 68Ga-
NODAGA-JR11 revealed fewer liver lesions on PET than did
68Ga-DOTATATE, a finding that could lead to insufficient man-
agement if standard 68Ga-DOTATATE PET were omitted. In the
remaining 19 patients, the discrepancies were not significant
enough to change clinical management (Table 4).

DISCUSSION

Our study prospectively compared lesion detection ability between
68Ga-NODAGA-JR11 and 68Ga-DOTATATE in a single group of
patients. The strengths of the study include a prospective, bicenter
design and a large cohort. The results favor 68Ga-NODAGA-JR11
because of a higher detection ability and better image contrast for liver

metastases, as well as a potential impact on
clinical management.
Despite lack of tracer internalization

into tumor cells, preclinical and initial
clinical studies have facilitated a shift
from SSTR agonists to antagonists in
recent years (3–5,13,14). In our previous
study, the antagonist 68Ga-DOTA-JR11
showed an overall lesion detection ability
comparable to that of 68Ga-DOTATATE
and lower uptake (13). This finding con-
trasts somewhat with the present findings.
In the current study, 68Ga-NODAGA-JR11
showed a higher lesion detection ability and
comparable tumor uptake. The divergence
might be explained by the different SSTR2
affinity (50% inhibitory concentrations of
29, 1.2, and 0.2nmol/L for 68Ga-DOTA-
JR11, 68Ga-NODAGA-JR11, and 68Ga-
DOTATATE, respectively) (15).
In addition, we did notice a statistically

significant difference in bone lesion uptake
between 68Ga-NODAGA-JR11 and 68Ga-
DOTATATE PET/CT. The difference,
however, was small and did not affect
the detection of bone lesions by 68Ga-
NODAGA-JR11. It can in part be explained

FIGURE 2. Patient-based comparison of lesion detection.

FIGURE 3. Lesion-based comparison of lesion detection. 68Ga-DOTATATE and 68Ga-NODAGA-
JR11 PET/CT images are shown of postoperative gastric NET patient (patient 36) with multiple liver
metastases. (A) 68Ga-DOTATATE maximum-intensity projection shows several liver lesions with high
uptake. (B) Transaxial fusion image appears to show abnormal moderate-uptake lesion (arrow) in
high liver background uptake. (C and D) One transaxial fusion image (C) shows liver metastasis
(arrow), whereas no liver lesion was found in another (D). (H) 68Ga-NODAGA-JR11 maximum-intensity
projection shows many more liver lesions than 68Ga-DOTATATE. (E–G) Transaxial fusion images at
same 3 levels as in B–D similarly found liver lesions that matched those on 68Ga-DOTATATE (solid
arrows). 68Ga-NODAGA-JR11 PET/CT shows lower liver background uptake and additional liver
metastases (dashed arrows) at sites that were negative on 68Ga-DOTATATE PET/CT.
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by the low bone marrow uptake of 68Ga-NODAGA-JR11. There-
fore, we do not think the difference is marked enough to generate
clinical implications.
We observed that the bone marrow uptake of 68Ga-NODAGA-

JR11 was lower than that of 68Ga-DOTATATE. This finding
somewhat contradicts already published literature showing poten-
tially increased hematologic toxicity with the therapeutic counter-
part (177Lu-DOTA-JR11) in comparison to 177Lu-DOTATATE
(16). The underlying mechanism of the hematologic toxicity of
antagonist peptide receptor radionuclide therapy is currently not
well understood. Bone marrow uptake is low using either a 68Ga-
or a 177Lu-antagonist. The reason should not be the radiation to the
general bone marrow, which was considered the main reason for
radioactive hematologic toxicity. We agree with Reidy-Lagunes
et al. that antagonists might be able to target SSTR expressed on
bone marrow stem cells or progenitor cells, causing more severe
and prolonged bone marrow suppression (16).

68Ga-NODAGA-JR11 and 68Ga-DOTATATE have a sensitivity
of 91.7% (range, 87.6%–95.7%) and 77.2% (range, 71.0%–83.4%),

respectively, using conventional imaging as a reference. Neverthe-
less, whereas dedicated contrast-enhanced MRI might be the best
imaging modality for the detection of liver metastasis, conventional
imaging may not serve as the perfect reference for whole-body
SSTR PET imaging (17,18). That is to say, conventional imaging—
contrast-enhanced CT in particular—is not sensitive enough for
NET detection. Some SSTR-positive lesions observed on PET might
not be visualized on conventional imaging (19). This is especially
true for bone lesions, which are usually out of the scan field of view;
nonosseous changing soft-tissue lesions that are embedded in sur-
rounding soft tissues; and lymph nodes that are too small to fit the
size criteria. This hypothesis was supported by our observation that
68Ga-NODAGA-JR11 had higher sensitivity than conventional imag-
ing using a combination strategy. However, we must emphasize the
importance of the modality chosen as the standard of truth. Of the 26
lesions missed on conventional imaging, 25 were missed by conven-
tional CT. The results could be different if only MRI is involved.
The potential impact of antagonist PET on clinical management

is essential for clinicians to know but has not been previously
reported. Our post hoc analysis showed, in a subgroup (14.5%) of
patients, that detection of more lesions by 68Ga-NODAGA-JR11
could have a potential impact on the patients’ clinical management.
The ability to detect more liver metastases with antagonists may
also change the therapeutic strategy if local therapy for hepatic
lesions were to be considered. Partial liver resection would be con-
traindicated if additional bilobar liver lesions are identified (20).
Besides, the lower background uptake of 68Ga-NODAGA-JR11
also helps to differentiate between physiologic uptake and true
lesions. The intrapancreatic accessory spleen is a congenital entity
often incidentally detected by imaging and can be misdiagnosed as
NET. High uptake of 111In-diethylenetriamine pentaacetate octreo-
tide and 68Ga-DOTATATE in the intrapancreatic accessory spleen
has been described in some case reports, making it an important
pitfall of agonist imaging (21,22). Compared with 68Ga-DOTA-
TATE, 68Ga-NODAGA-JR11 had much lower spleen uptake. The
intrapancreatic accessory spleen tends to have uptake comparable
to or lower than that in the spleen parenchyma on 68Ga-NODAGA-
JR11 PET/CT, whereas well-differentiated NET tends to have higher
uptake than in the spleen (Supplemental Fig. 1). In that sense,
antagonist imaging might provide a novel strategy to distinguish
NET from an intrapancreatic accessory spleen.
The advantage of antagonists lies not only in better imaging of

NETs but also in treatment decision-making. As a diagnostic com-
panion for 177Lu-DOTA-JR11, 68Ga-NODAGA-JR11 is essential to
decide whether patients are eligible for peptide receptor radionuclide

TABLE 3
Uptake of Matched Lesions on 68Ga-NODAGA-JR11 and 68Ga-DOTATATE PET/CT

Parameter JR11 TATE P

SUVmax

Primary tumor (n 5 40) 24.7620.9 23.56 20.1 0.64

Liver metastases (n 5 576) 18.0617.3 18.06 13.5 0.630

Bone metastases (n 5 237) 8.566.7 10.16 7.8 0.000

Lymph node metastases (n 5 87) 16.0616.0 15.76 16.4 0.725

Pleural or peritoneal metastases (n 5 11) 4.462.4 4.96 3.1 0.205

Tumor-to-background ratio for liver metastases (n 5 569) 6.468.7 3.16 2.6 0.000

Data are expressed as mean 6 SD.

TABLE 4
Potential Impact on Clinical Management of

68Ga-NODAGA-JR11 PET/CT Imaging

Patient no. Imaging finding

10 Liver: unilobar lesions ! bilobar lesions

Bone: not found ! found

12 Liver: unilobar lesion ! bilobar lesions

18 Primary: not found ! found

Liver: not found ! found

23 Lymph node: not found ! found

32 Liver: not found ! found

Lymph node: not found ! found

Other metastases: not found!found
(pancreatic metastasis from rectal NET)

37 Liver: unilobar lesion ! bilobar lesions

41* Liver: bilobar lesions ! unilobar lesions

48 Liver: not found ! found

*Bilobar liver diseases on 68Ga-DOTATATE but unilobar
diseases on 68Ga-NODAGA-JR11.
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therapy with 177Lu-DOTA-JR11. In the phase I trial of 177Lu-
DOTA-JR11, the overall response rate was 45% (9/20 patients) after
only 2 cycles of treatment (16). In particular, peptide receptor radio-
nuclide therapy with antagonists might be a better choice in patients
with agonist-negative but antagonist-positive lesions (20). Zhang
et al. provided preliminary evidence of efficacy using 177Lu-DOTA-
LM3 treatment in a patient with 68Ga-DOTATOC–negative high-
grade liver metastases (23). The patient had a nearly complete
remission after 3 cycles of peptide receptor radionuclide therapy,
with a total of 20.4 GBq of 177Lu-DOTA-LM3. Besides, higher
tumor uptake and prolonged retention of 68Ga-NODAGA-JR11
may result in favorable tumor-to-organ ratios and thus be an advan-
tage for therapy with SSTR2 antagonists, even if all the lesions are
visible on SSTR2 agonist PET/CT imaging.
Our study had some limitations. A crossover design to reduce

the impact of the sequence of the 2 PET studies could further
strengthen our study. Because of the nature of post hoc analysis,
the sensitivity calculation was limited by the small population.
The image files of some patients were not available and thus could
not be analyzed. Furthermore, the comparison was limited to the
scan field of view of conventional imaging, and lesions outside this
field, such as bone metastases, were not included in the analysis. In
addition, the potential impact of 68Ga-NODAGA-JR11 PET on
clinical management was analyzed using imaging-based criteria.
The clinician’s opinion should also be included in future studies.

CONCLUSION

68Ga-NODAGA-JR11 shows better sensitivity and a higher
target-to-background ratio than 68Ga-DOTATATE. The detection
of more lesions by antagonists has a potential impact on clinical
management in a subgroup of patients.
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KEY POINTS

QUESTION: Is PET/CT with the SSTR antagonist
68Ga-NODAGA-JR11 more efficient at detecting lesions than
the agonist 68Ga-DOTATATE in patients with metastatic,
well-differentiated NETs?

PERTINENT FINDINGS: Forty-eight patients with metastatic,
well-differentiated NETs were prospectively enrolled in a
bicenter study to compare lesion detection ability between
68Ga-NODAGA-JR11 and 68Ga-DOTATATE PET/CT.
68Ga-NODAGA-JR11 was better able to detect liver metastases
and had a higher target-to-background ratio than 68Ga-DOTATATE.

IMPLICATIONS FOR PATIENT CARE: The new
radiopharmaceutical 68Ga-NODAGA-JR11 is more valuable than
SSTR agonists in patients with NETs, especially in patients with
liver-dominant metastases.
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177Lu-prostate-specific membrane antigen (PSMA) is an effective
treatment for metastatic castration-resistant prostate cancer. Rarer
treatment-related adverse events have not yet been described.
Methods:We present case reviews of 2 men with a marked hypocal-
cemic osteosclerotic response to 177Lu-PSMA-I&T therapy. A clinical
dataset of 177Lu-PSMA-I&T therapy was evaluated to estimate the
incidence and clinical association with hypocalcemia. Results: Forty-
one of the 127men (32%) had a serum calcium drop, and 6 (5%) devel-
oped clinical hypocalcemia during 177Lu-PSMA therapy. The baseline
total tumor volume was significantly higher in those who developed
hypocalcemia (median, 3,249 cm3 [interquartile range, 1,856–3,852] vs.
465 [interquartile range 135–1,172]; P 5 0.002). The mean prostate-
specific antigen response in those with hypocalcemia was 78% (SD,
24%). Conclusion: Hypocalcemia may occur in response to 177Lu-
PSMA-I&T, particularly with both high-volume bone metastases and
a significant prostate-specific antigen response, and may be severe,
requiring corticosteroids. Further evaluation of 177Lu-PSMA–induced
hypocalcemia is required to better understand mechanisms, optimal
treatments, and repercussions from any subsequent osteosclerotic
response.

KeyWords: hypocalcemia; metastatic prostate cancer; 177Lu-PSMA
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In metastatic castration-resistant prostate cancer (mCRPC), 177Lu-
prostate-specific membrane antigen (PSMA) is an effective treatment
that is generally associated with few adverse events (1,2). We report
2 cases in which men treated with 177Lu-PSMA-I&T for mCRPC
developed clinically significant hypocalcemia on therapy; examine

the incidence of 177Lu-PSMA-I&T–associated hypocalcemia in a
clinical dataset; and discuss potential mechanisms, treatment strate-
gies, and potential long-term consequences of this phenomenon.

MATERIALS AND METHODS

Men with mCRPC who had disease progression despite at least 1
line of androgen receptor signaling inhibition and who were either
ineligible for taxane chemotherapy or for whom it had failed were
considered for treatment with 177Lu-PSMA-I&T in a clinical treatment
program (2022/ETH00924). All men received a minimum of 2 doses
of 177Lu-PSMA-I&T at 6-wk intervals. A median of 8.0 GBq (inter-
quartile range [IQR], 8.0–8.5 GBq) was administered at each dose via
a slow intravenous injection. Before each dose and at 3-wk intervals,
blood was collected for biomarkers including hemoglobin, platelets,
lactate dehydrogenase, calcium, alkaline phosphatase, albumin, and
prostate-specific antigen (PSA).

RESULTS

Case One
A 71-y-old man with progressive, symptomatic mCRPC and

widespread, highly PSMA-avid bony metastases on 68Ga-PSMA-11
PET/CT commenced treatment with 8.5 GBq of 177Lu-PSMA-I&T

TABLE 1
Case Characteristics at Initiation of 177Lu-PSMA-I&T

Characteristic Case 1 Case 2

Age 71 81

Metastatic sites Bone Bone

Time since diagnosis 13mo 17 y

Time on denosumab 11mo 8y

Prior lines of therapy Goserelin,
abiraterone,
docetaxel,
denosumab

Goserelin,
docetaxel,
abiraterone,
denosumab
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and showed a marked biochemical response (PSA, 540 to 31 mg/L)
after 4 doses 6 wk apart. He received 2 additional doses after a
treatment break. He was originally diagnosed 11mo beforehand
with high-volume de novo metastatic prostate adenocarcinoma and
progressed on 3 lines of systemic therapy (Tables 1 and 2. He was
on goserelin and denosumab, 120mg monthly, at the initiation of
177Lu-PSMA-I&T. He had normal serum calcium concentrations
during the 11mo that he was taking denosumab before 177Lu-
PSMA-I&T. He developed hypocalcemia after the first dose of
177Lu-PSMA-I&T, which worsened despite calcium replacement
and cessation of denosumab (Fig. 1). The hypocalcemia was associ-
ated with an increased alkaline phosphatase level and serum

N-terminal propeptide of type 1 collagen (P1NP) concentration
(744 mg/L; reference range, 15–115 mg/L; Fig. 1). The serum
parathyroid hormone concentration was appropriately elevated
(27.7 pmol/L; reference range, 1.6–7.2). He commenced predni-
sone, 60mg daily, to suppress the exaggerated osteoblastic re-
sponse, in addition to calcitriol and an increased dose of calcium
carbonate. The level of serum P1NP normalized within 6 wk of
commencing prednisone, whereas the level of serum C-terminal tel-
opeptide of type 1 collagen (CTx) did not increase until 10mo after
177Lu-PSMA-I&T commencement (to 2,150 ng/L; reference range,
100–750 ng/L), consistent with a postdenosumab cessation rebound
(Fig. 1). A baseline dual-energy x-ray absorptiometry bone mineral

TABLE 2
Case Characteristics During 177Lu-PSMA-I&T Treatment

Case 1 Case 2

Characteristic Dose 1 Dose 2 Dose 1 Dose 2

PSA (0.3–6.5 mg/L) 540 31 4,960 723

Hemoglobin (128–175g/L) 117 104 89 82

Platelets (150–450 3 109/L) 97 150 241 108

Alkaline phosphatase (35–110U/L) 195 2,049 311 240

Estimated glomerular filtration rate (.60mL/min/1.73 m2) .90 .90 49 73

Parathyroid hormone (1.6–7.2 pmol/L) NA 27.7 NA 42

25-hydroxyvitamin D3 (50–140 nmol/L) 88 55 NA 87

Corrected calcium (2.15–2.55mmol/L) 2.29 1.54 2.11 1.68

NA 5 not applicable.

FIGURE 1. Case 1, showing first serum calcium (A) and serum alkaline phosphatase (B) for 6mo before and during 177Lu-PSMA therapy and second
serum P1NP (C) and serum CTx (D) during hypocalcemic response to 177Lu-PSMA and recovery phase.
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density scan at the onset of hypocalcemia demonstrated a generalized
high bone mass (lumbar spine T-score, 19.5; left femoral neck
T-score, 14.2), and serial 177Lu-PSMA SPECT/CT imaging showed
persistently high-volume PSMA-avid disease (Fig. 2). A tetracycline-
labeled transiliac bone biopsy was attempted; however, the results
were nondiagnostic because of difficulty in sampling the sclerotic
bone. He remains clinically well and normocalcemic on prednisone,
10mg; calcium carbonate, 1,200mg twice per day; and calcitriol,
0.25 mg twice per day, after 6 doses of 177Lu-PSMA-I&T (total
dose, 47.5 GBq) and 18mo after his initial dose. He commenced
treatment with 225Ac-PSMA-617 on a trial basis at clinical and radio-
graphic progression, 17mo after 177Lu-PSMA-I&T initiation.

Case Two
An 81-y-old man with progressive mCRPC and intensely PSMA-

avid large-volume skeletal metastases on 68Ga-PSMA-11 PET/CT
commenced 177Lu-PSMA-I&T after progression despite multiple
lines of treatment (Tables 1 and 2). At 177Lu-PSMA-I&T initiation,
he was on goserelin but had ceased taking denosumab (120mg
monthly) for transient hypocalcemia that had resolved with calcium
carbonate, 600mg daily, and calcitriol, 0.25 mg twice per day.
Despite ongoing cessation of denosumab for more than 6 wk, he pre-
sented with fatigue and severe hypocalcemia (1.68mmol/L) 1 wk
after his first dose of 177Lu-PSMA-I&T. The parathyroid hormone
level was appropriately elevated (42pmol/L). Calcium carbonate was
increased to 1,200mg 3 times per day, and the hypocalcemia resolved.

Severe hypocalcemia recurred 1mo later—
again, after the second dose of treatment.
These recurrent episodes were managed
with intravenous calcium gluconate, reupti-
tration of calcium carbonate, 50mg of
prednisone daily, and cessation of 177Lu-
PSMA-I&T. He had a good biochemical
response to treatment (PSA, from 4,960 to
730 ng/mL), with a significant reduction
of total tumor volume on SPECT (Fig. 2).
However, he required a slow prednisone
wean with ongoing calcium carbonate,
1,200mg daily, and calcitriol, 0.25 mg twice
per day. He developed PSA progression
and clinical progression 4mo after his ini-
tial 177Lu-PSMA-I&T, having received only
2 doses because of recurrent hypocalcemia
requiring hospitalization.

Clinical Dataset
Review of a clinical dataset of 127 pa-

tients treated with 177Lu-PSMA-I&T (3)
demonstrated that 41 (32%) had a fall in
serum calcium of any magnitude at any
point between starting treatment and admin-
istration of dose 3 (12 wk). Six patients
(5%) developed new-onset hypocalcemia
(serum corrected calcium falling below the
reference range) in the first 12 wk of treat-
ment. The mean PSA response in those
with hypocalcemia was 78% (SD, 24%),
with 1 patient showing no PSA response
to treatment. Baseline SPECT total tumor
volume was significantly higher in those
who had a reduction in calcium than in

those who maintained their calcium level (median, 1,017 cm3 [IQR,
331–1,831 cm3] vs. 369 cm3 (IQR, 96–1,035 cm3); P5 0.01) and

FIGURE 2. (A and B) Case 1, treated with 177Lu-PSMA-I&T dose 1 (A) (PSA, 540 mg/L, and total
tumor volume, 1,923 cm3, on 177Lu SPECT) and dose 2 (B), with marked PSA response (PSA, 31 mg/L)
but persistent high-volume disease on 177Lu-PSMA SPECT (total tumor volume, 1,606 cm3). (C and D)
Case 2, treated with 177Lu-PSMA-I&T dose 1 (C) (PSA, 4,960 mg/L, and total tumor volume, 3,453 cm3)
and dose 2 (D), with marked PSA response (PSA, 723 mg/L) and significant reduction in total tumor vol-
ume (1,247 cm3). Both patients developed clinically significant hypocalcemia after dose 1 177Lu-PSMA,
requiring high-dose steroid treatment.

FIGURE 3. Box plot showing relationship between first-dose 177Lu-
PSMA-I&T SPECT total tumor volume and development of posttreatment
hypocalcemia. Baseline total tumor volume was significantly higher in
patients who developed posttreatment hypocalcemia (P5 0.002).
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in those who developed hypocalcemia than in those who did not
(median, 3,249 cm3 (IQR, 1,856–3,852 cm3) vs. 465 cm3 (IQR,
135–1,172 cm3); P 5 0.002) (Fig. 3). Some patients with hypocal-
cemia after treatment developed marked osteosclerosis subse-
quently, despite an excellent biochemical and imaging treatment
response (Fig. 4).

DISCUSSION

To our knowledge, this is the first report of clinically significant
hypocalcemia developing in response to successful 177Lu-PSMA-
I&T treatment. All men impacted had high-volume disease at base-
line, and the 2 cases we presented experienced more than a 90%
reduction in PSA in response to 177Lu-PSMA-I&T. Tyr is a Norse
god who sacrificed his hand to control a powerful wolf god. Simi-
larly, hypocalcemia and osteosclerosis appears to be an adverse
consequence of an excellent treatment response.
On the basis of the biochemistry results in our cases, the severe

hypocalcemia was independent of parathyroid hormone or systemic
controls of serum calcium. The hypocalcemia appeared to be trig-
gered by a direct local tumor effect on bone by 177Lu-PSMA rather
than denosumab, given that both patients had normal calcium levels
until receiving 177Lu-PSMA-I&T. In case 1, serum alkaline phos-
phatase and P1NP were markedly elevated at the onset of severe
hypocalcemia, indicating an exaggerated osteoblastic response.
Serum CTx (a bone resorption marker) was within the reference
range but was higher than expected for a patient receiving high-dose
denosumab, given the fact that denosumab suppresses CTx within
days and remains suppressed during treatment (4,5). Given the
markedly exaggerated P1NP levels in relation to CTx, we hypothe-
size that the 177Lu-PSMA-I&T triggered an uncoupling of bone
turnover favoring bone formation over resorption. The resulting
increased skeletal demand for calcium for bone formation and min-
eralization depleted the circulating calcium stores, resulting in severe
hypocalcemia similar to that seen in hungry bone syndrome (6).
Prostate cancer is known to cause sclerotic bone metastases,

with an increase in sclerotic foci well recognized in response to
effective therapy (7). This phenomenon is a major reason that CT
is not used to analyze bone lesions on RECIST and that new
lesions found on bone scans during the first few months of treat-
ment are not considered to be disease progression. However, the
mechanism by which prostate cancer induces osteosclerosis in

response to treatment is not fully understood, and although signifi-
cant concomitant hypocalcemia has been reported with rapid
cancer progression (8), it has not been described after exceptional
responses to treatment. Treatment-induced hypocalcemia in pros-
tate cancer has been reported as an adverse reaction to only high-
dose denosumab and bisphosphonates (5).
With increasing use of 177Lu-PSMA therapy, this is an impor-

tant phenomenon to recognize, particularly as it may require esca-
lated therapy to manage, such as glucocorticoid therapy. In the
patients who had an unrecognized hypocalcemic response to
177Lu-PSMA-I&T in our clinical dataset, there was a significant
increase in sclerotic disease volume. This increase has the poten-
tial to reduce the available marrow reserve and may lead to early
induction of marrow failure with subsequent treatments, particu-
larly with 177Lu-PSMA therapy potentially moving to earlier in
the disease course.
Supraphysiologic glucocorticoid administration suppresses bone

formation by inhibiting osteoblast differentiation and proliferation
and inducing osteoblast apoptosis (9). Hence, management of these
patients required high-dose glucocorticoids to dampen the exagger-
ated osteoblastic response and help normalize calcium levels. The
underlying mechanism by which 177Lu-PSMA drives this exagger-
ated osteoblastic response and results in hypocalcemia is unclear
and may be the release of osteoblastogenic growth factors by meta-
static prostate cancer cells and cells within the bone tumor micro-
environment. Further prospective evaluation of such cases, with
close monitoring of calcium and bone turnover markers and
tetracycline-labeled bone biopsy using techniques such as micro-CT,
histomorphometry, and immunohistochemistry, will likely enhance
understanding and identify factors that select patients who need pro-
phylactic treatment, thereby preventing the hypocalcemic and scle-
rotic events.

CONCLUSION

Clinically significant hypocalcemia and osteosclerosis are a rare
but important side effect of 177Lu-PSMA-I&T therapy in men
with high-volume osseous metastatic disease and a significant
treatment response. Importantly, calcium and calcitriol supplemen-
tation were insufficient in managing the hypocalcemia, and oral
prednisone was required. Further work delineating the mechanism
in the tumor microenvironment is required to fully understand

FIGURE 4. 177Lu-PSMA SPECT/CT images for 1 of 6 cases treated with 177Lu-PSMA-I&T who developed hypocalcemia. Images within 24h after dose
1 (left) and dose 6 (right) show significant reduction in cancer volume with concomitant marked osteosclerotic response (arrows).
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and develop effective management options for patients with this
phenomenon.
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KEY POINTS

QUESTION: Are good responders to 177Lu-PSMA at risk for
clinically significant hypocalcemia?

PERTINENT FINDINGS: We found that patients with high-volume
bone metastases and a significant PSA response are at a higher
risk of developing hypocalcemia.

IMPLICATIONS FOR PATIENT CARE: Although hypocalcemia is
a rare side effect of 177Lu-PSMA, it can be clinically significant
and may require treatment.
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Prostate-specific membrane antigen (PSMA) is a transmem-
brane carboxypeptidase that is highly expressed in prostate cancer.
Radioligand therapy (RLT) with 177Lu-labeled compounds has
shown clinical benefit, and the U.S. Food and Drug Administration
(FDA) approved 177Lu-PSMA-617 (177Lu-vipivotide tetraxetan
[Pluvicto; Novartis]) for the treatment of men with metastatic
castration-resistant prostate cancer (mCRPC) after progressing on
taxane-based chemotherapy and at least 1 line of androgen recep-
tor pathway inhibitors (ARPIs). This document aims to provide
standardized guidance through expert consensus for the selection
and management of patients being treated with 177Lu-PSMA RLT.

APPROVED THERAPIES IN PROSTATE CANCER

Androgen Deprivation Therapy (ADT)
The most commonly administered ADTs are luteinizing hormone–

releasing hormone agonists such as leuprorelin. Gonadotropin-
releasing hormone antagonists such as degarelix are also used and
do not have the short-term symptom flare potentially associated
with luteinizing hormone–releasing hormone agonists.

ARPIs
There are 4 FDA-approved ARPIs for the treatment of advanced

prostate cancer (Table 1). Abiraterone inhibits the synthesis of
androgens, whereas enzalutamide, apalutamide, and darolutamide
inhibit androgen receptor signaling at the level of the receptor itself.
ARPIs are approved for metastatic noncastrate (i.e., castration-
sensitive) prostate cancer (mCSPC), non-mCRPC, and mCRPC.
However, only abiraterone and enzalutamide are FDA-approved
for patients with mCRPC after chemotherapy.

Chemotherapies
There are 2 commonly used taxane chemotherapies in prostate can-

cer: docetaxel and cabazitaxel. Docetaxel was shown to prolong over-
all survival (OS) in mCSPC along with ADT in the CHAARTED
and STAMPEDE trials (1,2) and was superior to mitoxantrone in
patients with mCRPC (3). More recently, docetaxel was used in the
mCSPC setting in combination with abiraterone acetate or daroluta-
mide (4,5). Cabazitaxel prolongs survival in the mCRPC setting both
before and after docetaxel chemotherapy (6,7). Both taxanes are asso-
ciated with neuropathy and marrow toxicity, as well as other adverse
events, which can limit tolerability.

223Ra
223Ra dichloride is an a-emitting radionuclide with an 11-d

half-life. It is a bone-seeking calcium mimetic that targets the blas-
tic reactive component of metastatic osseous lesions by substitut-
ing radium for calcium in hydroxyapatite formation. In the
ALSYMPCA trial, patients with mCRPC had an OS benefit from
223Ra compared with the best standard of care (8). 223Ra is gener-
ally well tolerated, but its use has been limited, likely because of
the rarity of a prostate-specific antigen (PSA) response, the pre-
ponderance of extraosseous sites of disease in pretreated mCRPC,
and challenges with assessing and following patient response to
treatment.

Other Treatments
Rucaparib and olaparib, both poly(adenosine diphosphate–

ribose) polymerase inhibitors, have shown efficacy in patients with
mCRPC who have DNA damage repair deficiencies (9,10). There
remains significant debate about the role of poly(adenosine dipho-
sphate–ribose) polymerase inhibitors in patients with mCRPC with-
out documented DNA damage repair mutations because of a recent
study in which olaparib combined with abiraterone was shown to
have a progression-free survival benefit versus abiraterone alone in
patients irrespective of DNA damage repair status (11). Sipuleucel-T
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is an autologous active cellular immunotherapy that prolongs OS in
patients with minimally symptomatic mCRPC (12). The checkpoint
inhibitor pembrolizumab is also used in patients with microsatellite
instability-high tumors (13).

DATA REVIEW AND SCORING OF APPROPRIATENESS

Given the limited prospective clinical data evaluating 177Lu-
PSMA RLTs, a systematic review was not performed. An overview
of the 4 prospective phase 2 and 3 trials that used 177Lu-PSMA-
617 registered on clinicaltrial.gov and with published results is pro-
vided in Table 2.
In developing these guidelines, the workgroup members used the

following definition of appropriateness to guide their considerations
and group discussions: “The concept of appropriateness, as applied
to health care, balances risk and benefit of a treatment, test, or pro-
cedure in the context of available resources for an individual patient
with specific characteristics.” The workgroup scored each scenario
as appropriate, may be appropriate, or rarely appropriate on a scale
from 1 to 9 (Table 3). Scores 7–9 indicate that the use of the proce-
dure is appropriate for the specific scenario and is generally consid-
ered acceptable. Scores 4–6 indicate that the use of the procedure

may be appropriate for the specific scenario. This implies that more
research is needed to definitely classify the scenario. Scores 1–3
indicate that the use of the procedure is rarely appropriate for the
specific scenario and generally is not considered acceptable.

PROSPECTIVE TRIALS OF 177LU-PSMA-617

There have been 2 significant randomized prospective trials that
evaluated 177Lu-PSMA-617 in the treatment of patients with
mCRPC: VISION and TheraP (14,15). TheraP was a randomized
phase 2 trial involving 200 patients in which 177Lu-PSMA-617 was
randomized against cabazitaxel and a primary endpoint of the per-
centage of patients with a 50% decline in PSA (PSA50). In TheraP,
a large percentage of patients had a PSA50 response with 177Lu-
PSMA-617 compared with cabazitaxel (66% vs. 37%, respectively;
P 5 0.0016). VISION was a randomized phase 3 study of 831
patients who were randomized to protocol-defined standard treat-
ments with or without 177Lu-PSMA-617. The trial had 2 primary
endpoints: OS and radiographic progression-free survival as defined
by the Prostate Cancer Working Group 3. In VISION, 177Lu-
PSMA-617 demonstrated improved OS (15.3 vs. 11.3mo, P ,

0.001) and radiographic progression-free survival (8.7 vs. 3.4mo,

TABLE 1
Use of Androgen Receptor–Targeted Therapies

Therapy mCSPC Non-mCRPC
mCRPC before
chemotherapy

mCRPC after
chemotherapy

Abiraterone LATITUDE NCT01715285 COU-AA-301
NCT00638690

COU-AA-302
NCT00887198

Enzalutamide ARCHES NCT02677896 PROSPER NCT02003924 TERRAIN NCT01288911;
PREVAIL
NCT01212991

AFFIRM NCT00974311

Apalutamide SPARTAN NCT02489318 TITAN NCT02489318

Darolutamide ARASENS NCT02799602 ARAMIS NCT02200614

TABLE 2
Prospective Phase 2 and Phase 3 Studies of 177Lu-PSMA RLTs Registered on Clinicaltrial.gov with Published Results

Study Phase n Design Primary endpoint PSMA PET criteria

VISION 3 831 Randomized 1:1,
SoC vs 177Lu-
PSMA-6171SoC

OS: 15.3 vs. 11.3mo (HR,
0.62); PFS: 8.7 vs. 3.4mo
(HR, 0.40)

Uptake greater than liver;
excluded PSMA-
negative measurable
disease

TheraP (15) 2 200 Randomized 1:1,
cabazitaxel vs.
177Lu-PSMA-617

PSA50, best: 66% vs. 44% SUVmax . 20 in at least 1
lesion, all measurable
disease with SUVmax
. 10; excluded 18F-
FDG/PSMA mismatch

RESIST-PC (17) 2 64 Single arm: 177Lu-
PSMA-617

PSA50 after 2 cycles: 28% Uptake greater than liver;
excluded PSMA-
negative soft-tissue
lesions

Peter MacCallum (16) 2 50 Single arm: 177Lu-
PSMA-617

PSA50, best: 64% SUVmax . 1.5 times
SUVmean of liver;
excluded 18F-FDG/
PSMA mismatch

SoC 5 standard of care; HR 5 hazard ratio; PFS 5 progression-free survival.
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P , 0.001) compared with the best standard of care, and this trial
was the basis of regulatory approval of 177Lu-PSMA-617 in the
United States.
In addition to the VISION and TheraP trials, 2 prospective

phase 2 studies have been published. The first was a 50-patient
cohort at the Peter MacCallum Centre (16) and demonstrated a
PSA50 in 64% of patients. The second was the RESIST-PC study,
which reported results from a 64-patient cohort from UCLA and
the Excel Diagnostics & Nuclear Oncology Center (17). The pri-
mary endpoint of RESIST-PC was the percentage of patients with
a PSA50 response after 2 cycles. In the cohort reported, 28% of
patients had a PSA50 response after 2 cycles. Given the small
sample size and nonrandomized design, conclusions from these
studies are limited. Table 2 provides further details.

PATIENT SELECTION

Working group members acknowledge that there has been sig-
nificant heterogeneity in patient selection across completed trials.
The methods of patient selection and their impact on predicting
response or outcome to PSMA RLT have not been directly com-
pared. Below are recommendations for patient selection for PSMA
RLT. These criteria should be used as guidance rather than as
strict rules, and patients with borderline eligibility may benefit
from treatment with PSMA RLT. In all cases, multidisciplinary
tumor board discussion is recommended.

PSMA PET for Patient Selection
The 2 randomized trials that evaluated PSMA RLT used 2 dif-

ferent criteria for PSMA positivity. The VISION trial required
uptake greater than in the liver in all measurable lesions by visual
assessment (18). Measurable disease was defined as lymph nodes
greater than 2.5 cm in short-axis diameter, solid-organ metastases
greater than 1 cm in short-axis diameter, and bone metastases with
a soft-tissue component greater than 1 cm in short-axis diameter.
There is limited evidence of clinical benefit in patients who do not
meet the VISION criteria, although in one series of patients who
did not meet the imaging criteria, the reported mean OS was
9.6mo and the PSA50 response was 21%, lower than the 15mo
and 46%, respectively, in the 177Lu-PSMA-617–treated cohort in
VISION (19).
The TheraP trial required a single lesion to have an SUVmax

greater than 20 and all measurable lesions to have an SUVmax

greater than 10. In addition, the TheraP trial excluded patients who
had 18F-FDG–positive/PSMA-negative disease (PSMA-negative
defined as an SUVmax , 10). The TheraP criteria resulted in a
higher rate of imaging screen failures than reported in the VISION
trial (28% vs. 13%, respectively). Secondary analysis of the TheraP
trial demonstrated that patients with a higher average uptake on
PSMA PET had a higher PSA response rate with 177Lu-PSMA-617
therapy (20), although patients with low PSMA uptake had higher

PSA response rates with 177Lu-PSMA-617 than with cabazitaxel.
Although patients with higher uptake respond better to PSMA
RLT, the committee agreed that the VISION criteria (uptake
greater than liver) should be used to select patients for PSMA RLT
given that these criteria resulted in an OS benefit in the largest
cohort of patients.
Preferably, the PSMA PET used for patient selection should be

performed within 3mo of treatment or since progression on the
last therapy. It is important that the baseline PSMA PET before
177Lu-PSMA-617 therapy represent the current disease state. If
there is evidence of disease progression or intervening therapy,
then one should repeat the PSMA PET when feasible.
The prescribing information for 177Lu-PSMA-617 indicates that

patients be selected on the basis of “an approved PSMA-11 imag-
ing agent based on PSMA expression in tumors.” Although 68Ga-
PSMA-11 was used in both the VISION and the TheraP trials to
select patients, 68Ga-PSMA-11 (UCSF/UCLA; Illucix [Telix] and
Locametz [Novartis]) and 18F-DCFPyL (18F-piflufolastat [Pylarify;
Lantheus]) have had similar performance characteristics in prospec-
tive clinical trials, have labels similar to those of diagnostic agents,
are regarded as equivalent tracers in clinical practice, and are
used in patient selection for ongoing trials of 177Lu-PSMA RLT
(21). It is important to remember that liver activity when using
68Ga-PSMA-11 and 18F-DCFPyL is similar (22). Currently, the
differences between the 2 radiopharmaceuticals do not appear to
affect patient selection. For these reasons, the committee agreed
that either 18F-DCFPyL or 68Ga-PSMA-11 can be used to select
patients for PSMA RLT. Overall, it is important to have the
involvement of a molecular imaging specialist with experience in
evaluating PSMA PET imaging.
Secondary analysis of both the VISION and the TheraP trials

has shown that patients with a higher whole-body PSMA SUVmean

on baseline PET have better outcomes with 177Lu-PSMA-617
(23,24). In the VISION trial, patients with the highest quartile of
SUVmean (SUVmean . 9.9) demonstrated longer OS than patients
receiving 177Lu-PSMA-617 with a lower baseline SUVmean (23).
Although uptake measured by SUVmean appears to correlate well
with clinical outcomes, it has thus far been observed in the research
setting and not yet applied in routine clinical practice. Moving for-
ward, we hope that the use of whole-body SUVmean will become a
part of standard clinical work, but currently whole-body SUVmean

is not required to select patients for PSMA RLT.
In addition to imaging with PSMA PET, patients should be

imaged with either contrast-enhanced CT or MRI to identify
potential PSMA-negative disease, which is particularly important
in patients who have known liver disease. In addition, the commit-
tee agreed that 18F-FDG PET is not required as a standard patient
selection tool. If a patient has signs of disease aggressiveness (dis-
ease that is poorly differentiated or not driven by the androgen
receptor) or there is suspicion of PSMA-negative disease, use of

TABLE 3
Clinical Scenarios for 177Lu-PSMA-617 RLT

Scenario Description Appropriateness Score

1 Treatment of mCRPC after chemotherapy and ARPI Appropriate 9

2 Treatment of mCRPC after ARPI and before chemotherapy Rarely appropriate 3

3 Treatment of patients with mCSPC Rarely appropriate 2
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an 18F-FDG PET scan for further disease characterization can be
considered.
In a limited setting, it may be appropriate to treat patients who

show heterogeneous disease on PSMA PET. For example, if there
are a limited number of PSMA-negative lesions, it may be appro-
priate to treat the dominant PSMA-positive disease using PSMA
RLT. Because the VISION criteria defined PSMA-negative disease
in solid organs as greater than 1 cm, smaller-volume PSMA-
negative disease can be considered for treatment, especially if most
of the disease is PSMA-positive. This is particularly true in patients
who have completed all available therapeutic options. External-
beam radiation therapy may be used to treat low-volume PSMA-
negative disease and is indicated in symptomatic sites of disease.

Preexisting Renal Dysfunction
Kidney function criteria for VISION and TheraP are provided in

Table 4. Although in the VISION trial there was no difference in
the rate of renal toxicity in the treatment and control arms, renal
toxicity has been reported in patients treated with PSMA RLT (25).
The consensus of the panel for renal function was that the base-

line estimated glomerular filtration rate should be greater than
30mL/min. If patients have baseline renal function less than
30mL/min or are on dialysis, the case should be discussed by a
multidisciplinary tumor board. In patients with poorer renal func-
tion, the dose to the kidneys decreases, and the main risk is
expected to be an increased red marrow dose due to prolonged
blood-pool activity. Therefore, in patients with poor renal func-
tion, close attention should be paid to the marrow. The group con-
sensus was not to reduce the dose in patients with reduced renal
function at baseline, although reduction can be considered in indi-
vidual cases.

Bone Marrow Dysfunction
Bone marrow inclusion criteria for VISION and TheraP are pro-

vided in Table 4. The consensus baseline requirements for marrow
function were a hemoglobin level of at least 8 g/dL, a white blood
cell count of at least 2.0 3 109/L, or an absolute neutrophil count
of at least 1.0 3 109/L and a platelet count of at least 75 3 109/L.
Baseline bone marrow dysfunction can be secondary to both dis-
ease progression replacing the marrow and marrow injury from
prior cytotoxic therapies, and bone marrow biopsies can be helpful
to demonstrate diffuse marrow replacement. Marrow replacement
in a patient may not be a contraindication for treatment despite
poor marrow function, and a multidisciplinary discussion should
be undertaken. An important consideration is that, with rapidly

progressing marrow disease, one should not wait for recovery of
marrow function to start treatment.
Patients with diffuse marrow disease present a unique challenge

regarding RLT. The VISION trial excluded patients with bone
superscans. How to translate the bone scan finding of diffuse mar-
row disease to PSMA PET is not well defined. Although not
included in the VISION trial, a retrospective pooling of 43 patients
across 4 institutions demonstrated that it may be safe to treat
patients who have diffuse marrow disease (26). In addition,
patients with diffuse marrow disease can have significant drops in
their counts immediately after treatment, and one should follow
these patients more closely and be prepared to transfuse as needed.
Overall, the committee agreed that patients with diffuse marrow
disease are candidates for PSMA RLT.

CLINICAL SETTINGS FOR 177LU-PSMA-617

mCSPC (Score 2—Rarely Appropriate)
Currently, there are not enough data available to support the use

of 177Lu-PSMA-617 RLT in the mCSPC setting. There are 2 ongo-
ing randomized trials evaluating its role in first-line mCSPC. The
PSMAddition trial is a phase 3 study that compares ADT and
ARPI to ADT, ARPI, and 177Lu-PSMA-617 (NCT04720157). The
UpFrontPSMA trial is a phase 2 study that compares docetaxel and
ADT versus ADT and 177Lu-PSMA-617 with sequential docetaxel
(NCT04343885). Until the findings of these studies are reported,
177Lu-PSMA-617 should not be used in the mCSPC setting.

mCRPC Before Chemotherapy (Score 3—Rarely Appropriate)
There are no published randomized data to date to support the

use of PSMA RLT in the prechemotherapy setting. Three similar
phase 3 trials are currently evaluating PSMA RLT in this setting.
The PSMAfore (NCT04689828), SPLASH (NCT04647526), and
ECLIPSE (NCT05204927) trials are all comparing PSMA RLT
with ARPI switch. Of note, PSMAfore uses 177Lu-PSMA-617,
whereas SPLASH and ECLIPSE use 177Lu-PSMA-I&T.
PSMAfore has recently reported positive results, with improvement

in radiographic progression-free survival in the PSMA RLT arm com-
pared with second-line ARPI; on formal publication and approval
of this indication by the FDA, this document may be updated to
include the prechemotherapy mCRPC setting. Notably, there remain
no long-term follow-up data for patients, and caution is warranted for
patients with borderline laboratory evaluations in this setting in which
they are expected to otherwise have a longer life expectancy than in
the heavily pretreated populations reported in the VISION trial.

TABLE 4
Baseline Laboratory Cutoffs

Test VISION TheraP Recommendation

Kidney function Serum creatinine # 1.5 3 ULN
or eGFR $ 50mL/min

eGFR $ 40mL/min eGFR $ 30mL/min

Hgb Hgb $ 9g/dL Hgb $ 9g/dL Hgb $ 8g/dL

WBC count WBC $ 2.5 3 109/L or ANC
$ 1.5 3 109/L

ANC $ 1.5 3 109/L WBC $ 2.0 3 109/L or ANC
$ 1.0 3 109/L

Platelets Platelets $ 100 3 109/L Platelets $ 100 3 109/L Platelets $ 75 3 109/L

ULN 5 upper limit of normal; eGFR 5 estimated glomerular filtration rate; Hgb 5 hemoglobin; WBC 5 white blood cell; ANC 5

absolute neutrophil count.
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mCRPC After Chemotherapy (Score 9—Appropriate)
The current label for 177Lu-PSMA-617 RLT is for patients with

PSMA-avid disease after at least 1 taxane-based chemotherapy
course and at least 1 line of ARPI in any advanced disease setting.
The most commonly used taxane-based chemotherapies are doce-
taxel and cabazitaxel; no data exist for using 177Lu-PSMA-617
after non–taxane-based chemotherapies such as platinum chemo-
therapy. The panel agreed that chemotherapy in either the mCSPC
or the mCRPC setting qualifies patients for treatment with 177Lu-
PSMA-617 and that patients should not be required to receive
more than 1 line of taxane-based chemotherapy before receiving
177Lu-PSMA-617.
One important question is what constitutes prior exposure to

chemotherapy. The VISION trial required at least 2 cycles of che-
motherapy to qualify. Although there is no requirement on the
length of exposure to chemotherapy, the intention is that patients
receive chemotherapy until completion, progression, or dose-
limiting toxicities.
Since the approved label does not require patients to receive

both docetaxel and cabazitaxel before 177Lu-PSMA-617, treatment
of patients after docetaxel and before cabazitaxel is a viable option.
The TheraP trial compared the efficacy of 177Lu-PSMA-617 with
that of cabazitaxel and demonstrated improved PSA responses with
177Lu-PSMA-617 (15). An important finding was that there was no
evidence of improved OS in the 177Lu-PSMA-617 group; further
comparative data need to be developed to determine whether
sequencing affects outcomes for individual patients or patient
groups. When deciding between using 177Lu-PSMA-617 and caba-
zitaxel, there are 2 important considerations. The first is the uptake
on PSMA PET. Both the TheraP trial and the VISION trial demon-
strated that patients with higher uptake respond better to PSMA
RLT (23,24). Notably, in the lowest quartile of uptake on the
TheraP trial (SUVmean , 6.9), there was a trend toward an
improved PSA50 response rate with cabazitaxel (odds ratio, 0.53)
(24). The second consideration is tolerability. The TheraP trial
demonstrated improved quality of life with 177Lu-PSMA-617 rela-
tive to cabazitaxel. Given the similar OS data in the TheraP trial,
selecting between 177Lu-PSMA-617 and cabazitaxel on the basis of
toxicity profiles is reasonable.

CURRENT CLINICAL STRUGGLES

Role of Androgen Receptor–Targeted Therapies
Patients should be effectively castrate for the duration of PSMA

RLT. Patients may also receive treatment with ARPIs such as abir-
aterone or enzalutamide. In the VISION trial, 53% of patients ini-
tiated ARPIs along with 177Lu-PSMA-617, and ARPIs can be
safely continued during PSMA RLT treatment (14). Currently,
there is no evidence for or against using ARPI with PSMA RLT.
In addition, if patients start or stop ARPIs during treatment, PSA
response may not be reliable, as the androgen receptor controls
PSA secretion from tumor cells.

What Is the Role of 223Ra?
Few data are available to help understand the optimal setting for

223Ra therapy now that 177Lu-PSMA-617 is FDA-approved. The
ALSYMPCA trial was performed before the approvals of ARPIs,
and the role of 223Ra after ARPI has not been defined. Clearly,
patients who have PSMA-avid soft-tissue disease should receive
177Lu-PSMA-617 instead of 223Ra. In patients who have bone-
only disease, it is not clear how one should sequence the 2 agents.
Retrospective data suggest that it is safe to give 223Ra before

177Lu-PSMA-617, without evidence of concerning marrow toxic-
ity (27,28), and 17% of patients in the VISION trial had received
223Ra before enrollment (14). The committee agreed that patients
previously treated with 223Ra are candidates for PSMA RLT.

Treatment-Related Toxicities
There are multiple approaches to the management of treatment-

related marrow toxicity. First, one can consider delaying subse-
quent therapy to allow marrow function to recover. This could be
a potential option in a patient who is responding well to treatment.
Second, one can administer platelet or red blood cell transfusions
during therapy, which is appropriate and was allowed on the
VISION trial. Third, one can consider using marrow-stimulating
agents such as thrombopoietin for platelets, filgrastim and pegfil-
grastim for white blood cells, and erythropoietin for red blood
cells. A potential concern is that the use of stimulating agents can
potentiate marrow toxicity with subsequent cycles if administered
within 2 wk. One should consult a hematologist before using these
medications. In general, the committee did not recommend dose
reductions to handle treatment-related marrow toxicity.
Dry mouth is a common reported toxicity with PSMA RLT. A

careful history should be taken at baseline and subsequent follow-
ups to understand the severity of dry mouth to distinguish night-
time dryness from that which limits oral intake and impacts quality
of life. Unfortunately, there is no agreed-on approach to minimiz-
ing salivary gland toxicity. In patients with symptomatic dry
mouth, lubricating rinses such as Biotene (Haleon) can be benefi-
cial. If possible, treatment delays can allow for recovery of sali-
vary gland function.
In general, the panel feels that prophylaxis for nausea and vomit-

ing is not required. However, in the VISION trial, which used antie-
metic prophylaxis, 34% of patients reported nausea. With or without
prophylaxis, antiemetics can be helpful if patients develop treatment-
related nausea and vomiting. A pain flare is another potential adverse
event, but the routine use of steroids is not recommended. If a patient
develops a significant pain flare or fatigue after therapy, a steroid
taper can be considered with subsequent cycles. In addition, patients
should receive appropriate supportive medications, such as nonopiate
and opiate pain medications, bone-protective agents, bowel regimens,
and treatments for emotional distress.
In terms of laboratory evaluation, a complete blood count and

metabolic panel should be checked at least every 6 wk and more
frequently in patients with lower marrow counts. It is recom-
mended to check lab values 2–3 wk before the next scheduled
therapy to determine whether the treatment should proceed. The
PSA level should be checked at least every 6 wk and is typically
checked between treatment cycles.

When to Consider Cessation of Treatment
There are no defined rules about what should be considered

treatment failure for PSMA RLT. Three main factors should be
considered: imaging-based progression, PSA progression, and
clinical decline. These 3 factors do not always move hand in hand,
and patients can have progression on imaging while clinically
improving. In the setting of a rising PSA level, the development of
worsening clinical symptoms or progression on imaging may indi-
cate it is time to stop therapy. In the setting of a rise in PSA level
or minimal radiographic progression, it is reasonable to continue
treatment, particularly if no other treatment option is available.
When weighing the impact of radiographic progression, the devel-
opment of new liver lesions on therapy should lead to cessation. If

APPROPRIATE USE OF
177LU-PSMA-617 THERAPY & Hope et al. 1421



patients develop focal pain, external-beam radiation therapy can
be used for palliative measures during PSMA RLT without requir-
ing cessation of treatment. In general, it is important to administer
2 cycles before assessing response; PSA changes after only 1 cycle
are not a reliable marker, and PSA can transiently increase
(17,29).
In terms of the total number of administered cycles, the VISION

trial used 4 cycles, which was expandable to 6 in patients who
were benefitting (the median number of cycles on VISION was 5)
(14). If a patient has evidence of response based on PSA, imaging,
or clinical changes, without dose-limiting toxicity, the panel gener-
ally recommended continuing on to cycles 5 and 6. The decision
on how many cycles to administer should be made on an individ-
ual basis for each patient.

Exceptional Responders and Restarting Treatment
A subgroup of patients will have an exceptional response to treat-

ment, with a complete imaging and PSA response. In these patients,
cessation of therapy with complete responses on 177Lu-PSMA
SPECT was used in TheraP. At the time of subsequent progression,
restarting treatment can be considered. Currently, a maximum of
6 cycles can be used. Further work is needed to understand the role
of PSMA RLT beyond 6 cycles.

Imaging During Treatment
In the VISION trial, patients were followed using bone scans and

CT scans every 12 wk per the protocol. For evaluating response to
PSMA RLT, imaging using a bone scan is optional and is primarily
used to establish a new baseline after a good response or to confirm
progression or response if there is uncertainty based on clinical or
biochemical findings. Contrast-enhanced imaging, typically using
CT, is valuable in following soft-tissue disease, particularly in the
liver. The committee recommends following patients with, at a mini-
mum, contrast-enhanced CT.
One unique aspect of 177Lu treatment is that the therapy can be

imaged using g-cameras (either planar imaging or SPECT), and
posttreatment imaging should be considered as a method to follow
disease. This allows one to visualize changes in the extent of
PSMA-avid disease after each cycle, which can be helpful in
tracking patients’ disease, particularly in the bones. Changes on
posttreatment g-imaging between cycles 1 and 2 have been shown
to correlate with patient outcomes (30). In addition, posttreatment
g-imaging can be valuable to evaluate for evidence of residual dis-
ease after cycle 4 to inform the need for additional therapies.
Currently, there is no agreed-on role for following patients using

PSMA PET during therapy to evaluate response. Although PSMA
PET may be more accurate than posttreatment imaging in visualiz-
ing PSMA-positive disease, there is no evidence of improved patient
management. In addition, PSMA PET has limited sensitivity to the
development of PSMA-negative disease. Further research is needed
on the role of PSMA PET during treatment with PSMA RLT.

FUTURE DIRECTIONS

Multiple phase 3 trials are evaluating PSMA RLT in patients with
metastatic prostate cancer. Three trials are currently evaluating its use
in patients with mCRPC before chemotherapy. One is evaluating
177Lu-PSMA-617 (PSMAfore, NCT04689828), and the other two are
evaluating 177Lu-PSMA-I&T (SPLASH, NCT04647526; ECLIPSE,
NCT05204927). PSMAddition is also studying the addition of 177Lu-
PSMA-617 in patients with mCSPC being started on ADT and
ARPI treatment (NCT04720157). Several nonregistration trials are

furthermore evaluating the use of 177Lu-PSMA-617 in combination
with other treatments such as immunotherapy (NCT03658447,
NCT03805594, and NCT05150236), chemotherapy (NCT04343885),
ARPIs (NCT04419402), or DNA damage repair pathways
(NCT03874884).

CONCLUSION

With the approval of 177Lu-PSMA-617, a new class of thera-
peutics is available to patients with prostate cancer. Currently,
PSMA RLT is limited to patients with mCRPC who have pro-
gressed on chemotherapy and ARPIs. Patients should be selected
using PSMA PET. On treatment, patients should be followed
using contrast-enhanced CT, and posttreatment g-imaging should
be considered. How to determine when to stop treatment remains
a difficult decision. We look forward to the potential use of PSMA
RLT in prechemotherapy mCRPC or other settings pending the
full results of ongoing trials.
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Desmoplastic small round cell tumor (DSRCT) is a rare, radiosensi-
tive, yet difficult-to-treat sarcoma subtype affecting predominantly
male adolescents. Extensive intraperitoneal seeding is common and
requires multimodal management. With no standard therapy estab-
lished, the prognosis remains poor, and new treatment options are
needed. We demonstrate the clinical potential of C-X-C motif chemo-
kine receptor 4 (CXCR4)–directed imaging and endoradiotherapy in
DSRCT. Methods: Eight male patients underwent dual-tracer imag-
ing with [18F]FDG and CXCR4-directed [68Ga]pentixafor PET/CT. A
visual comparison of both tracers, along with uptake quantification in
active DSRCT lesions, was performed. [68Ga]pentixafor uptake was
correlated with immunohistochemical CXCR4 expression on tumor
cells. Four patients with end-stage progressive disease underwent
CXCR4-based endoradiotherapy. We report the safety, response by
RECIST 1.1, and survival after endoradiotherapy. Results: Uptake of
[68Ga]pentixafor in tumor lesions was demonstrated in all patients
with DSRCT, providing diagnostic power comparable to [18F]FDG
PET. Corresponding CXCR4 expression was confirmed by immuno-
histochemistry in all DSRCT biopsies. Finally, 4 patients were treated
with CXCR4-directed [90Y]endoradiotherapy, 3 in a myeloablative
dose range with subsequent autologous stem cell transplantation. All
3 required transfusions, and febrile neutropenia occurred in 2 patients
(resulting in 1 death). Notably, severe nonhematologic adverse events
were absent. We observed signs of response in all 3 patients, translat-
ing into disease stabilization in 2 patients for 143 and 176 d, respec-
tively. In the third patient, postmortem autopsy confirmed a partial
pathologic response. Conclusion: We validated CXCR4 as a diag-
nostic biomarker and a promising target for endoradiotherapy in
DSRCT, demonstrated its feasibility, and provided the first evidence
of its clinical efficacy.

Key Words: desmoplastic small round cell tumor; CXCR4; endora-
diotherapy; theranostics
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Desmoplastic small round cell tumor (DSRCT) is an extremely
rare malignant mesenchymal neoplasm that predominantly affects
young men (1). The primary location is the abdominal cavity, in
which is commonly found a multinodular disease affecting the omen-
tum, retroperitoneum, and mesentery. Histologically, DSRCT is an
aggressive sarcoma subtype that presents with multiphenotypic dif-
ferentiation, including epithelial, muscular, and neural features, such
as coexpression of cytokeratins, desmin, and synaptophysin. The
recurrent balanced chromosomal translocation t(11:32)(p13;q12) is
a pathognomonic hallmark and a driver of the disease. The corre-
sponding EWSR1-WT1 fusion gene codes for a chimeric protein,
with typically strong nuclear expression, containing the N-terminal
domain of the Ewing sarcoma breakpoint region 1 protein and 3 of
the 4 zinc finger domains of the Wilms tumor 1 protein (2,3).
DSRCT is characterized by immunologic ignorance (4). In par-

ticular, next-generation sequencing molecular profiling revealed a
paucity of secondary mutations with notable heterogeneity between
patients, and (except for FGFR4 mutations in only a small subset
of patients), no suitable therapeutic targets could be identified (5).
Because of the lack of clinical trials in this orphan disease, with

approximately 1,000 patients reported to date, no standard therapy
has been established. Patients with DSRCT have been compiled in
sarcoma studies, and systemic chemotherapy regimens are derived
from protocols established primarily for Ewing and other soft-tissue
sarcomas. Complete resection has been shown to increase overall
survival (OS) (6); however, as primary curative surgery is rarely
achievable, multimodal treatment with aggressive induction with or
without high-dose chemotherapy with autologous stem cell trans-
plantation followed by cytoreductive surgery with or without
hyperthermic intraperitoneal chemotherapy (7) or whole-abdominal
radiotherapy has been proposed (2,3). However, patients experi-
ence early relapse and prognosis remains poor, with a median OS
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of 24–29mo and 3-y and 5-y survival rates of 30%–35% and 4%,
respectively (8–10). So far, targeted therapies with sunitinib (11) and
pazopanib (12,13), as well as immunotherapy with nivolumab (14)
or pembrolizumab, have demonstrated only limited effects (15,16).
Functional imaging using [18F]FDG PET/CT is regarded as the

most suitable imaging technique for DSRCT and helps to select
patients with a metabolic response to induction chemotherapy for
debulking surgery even in the absence of significant tumor shrink-
age according to RECIST (17,18).
C-X-C motif chemokine receptor 4 (CXCR4) was first identified

as a coreceptor for HIV (X4-tropic isolates) entry into cells. Beyond
its role in various physiologic processes, including embryogenesis,
angiogenesis, and modulation of hematopoietic stem cells (19,20),
CXCR4 has gained attention because it is overexpressed in more
than 20 different tumor entities (21–24), including sarcoma (25–27),
with higher receptor expression denoting poor prognosis (23,28,29).
In particular, among sarcomas, CXCR4 overexpression has been pre-
viously described in Ewing sarcoma, which shares many biologic
features with DSRCT, providing a rationale for exploring and target-
ing CXCR4 in DSRCT (26). Recently, noninvasive visualization of
CXCR4 in vivo using PET has become possible with the develop-
ment of [68Ga]pentixafor (30). In addition, the first proof-of-concept
studies have demonstrated the feasibility of subsequent receptor-
directed endoradiotherapy in CXCR4-expressing diseases (21,31–33).

MATERIALS AND METHODS

Inclusion of Patients
This case study was approved by the Ethics Committee of the Med-

ical Faculty, University of W€urzburg (approval 20201001 01), and
written informed consent was obtained from all patients before diagnos-
tic and therapeutic procedures. [68Ga]pentixafor was offered in compli-
ance with §37 of the Declaration of Helsinki and the German Medicinal
Products Act Arzneimittelgesetz §13 2b.

Between October 2015 and April 2020, 8 young, male patients
(median age at diagnosis, 29 y [range, 8–43 y]) with DSRCT (7 con-
firmed cases of DSRCT patients, 1 case of undifferentiated peritoneal
small round cell sarcoma with clinical and morphologic features of
DSRCT) underwent imaging with [18F]FDG and [68Ga]pentixafor
PET/CT at our institution. At presentation, all patients had extensive
disease, with Hayes–Jordan stage II (widespread intraabdominal lesions)
in 2 patients, stage III (additional liver metastasis) in 1 patient, and
stage IV (additional extraabdominal metastasis) in 5 patients (including
4 patients with liver metastasis; Table 1). Finally, 4 patients with
advanced, unresectable, and progressive disease after conventional
therapies were selected for CXCR4-directed [90Y]endoradiother-
apy and after individual dosimetry received a total of 5 cycles of
endoradiotherapy.

Imaging Protocol and Analysis
All patients underwent CXCR4-directed PET/CT ([68Ga]pentixafor,

to noninvasively visualize the receptor expression of DSRCT lesions
and evaluate eligibility for CXCR4-directed endoradiotherapy) and
[18F]FDG PET/CT (as a control). Both PET/CT studies were per-
formed on 2 consecutive days (the supplemental materials, available
at http://jnm.snmjournals.org, provide a detailed description) (34).
Briefly, PET/CT images were independently analyzed by 2 nuclear
medicine specialists using a commercial software package (syngo.via,
VB60A HF02; Siemens Healthineers AG). All lesions with nonphy-
siologic uptake of the respective tracer higher than the physiologic
background were rated as CXCR4-positive or [18F]FDG-positive.
For corresponding tumor lesions on [68Ga]pentixafor and [18F]FDG
PET/CT, the average SUVmax within a spheric volume of 1 mL
(SUVpeak) was recorded, and tumor-to-background ratios (TBRs) were
calculated (details are provided in the supplemental materials) (35). For
posttherapeutic tumor evaluation, [18F]FDG PET/CT imaging was per-
formed. Tumor response was assessed by [18F]FDG PET/CT using
RECIST 1.1 and PERCIST 1.0 (36,37).

TABLE 1
Patient Characteristics

Patient
no. Sex

Age
(y)

Tumor sites/Hayes–
Jordan stage

EWSR1-
WT1

CXCR4-pos.
tumor cells

Prior Tx
lines (n)

HD-CT
(ASCT) CRS ERT

1 M 8 PM, LN, LV, I; stage III Pos. 80% 3 No Yes, R2† Yes

2 M 20 PM, LN, LV, SP, D, P, MT,
A; stage IV

Pos. 95% (80%*) 4 No No Yes

3 M 26 PM, LN, I; stage II Pos. 95% 4 1 HD Yes Yes, CC 2 (1HIPEC) Yes

4 M 31 PM, LN (cervical); stage IV Pos. 70% 1 No Yes‡, CC 2 (1HIPEC) No

5 M 43 PM, ST; stage II Neg. 0% 1 No Yes‡, CC 1 (1HIPEC) No

6 M 37 PM, LV, MT, A; stage IV Pos. 80% 1 1 HD Yes Yes‡, CC 1 (1HIPEC) No

7 M 35 PM, LN, LV, ST, MT,
A; stage IV

Pos. 70% 5 Yes
(with ERT)

Yes, CC 1 (1HIPEC) Yes

8 M 23 PM, LN, LV, SP, ST,
BM; stage IV

Pos. 55% 1 1 HD
(focal RT)

Yes Yes, CC 1 (1HIPEC) No

*Postmortem biopsy after 2 cycles of ERT.
†Partial tumor debulking.
‡After diagnostic CXCR4 PET.
Tx 5 therapy; HD-CT 5 high-dose chemotherapy; ASCT 5 autologous stem cell transplantation; CRS 5 cytoreductive surgery;

ERT 5 endoradiotherapy; PM5 peritoneal manifestation; LN5 lymph node metastases; LV5 liver metastases; I5 intestinal obstruction/
infiltration; Pos. 5 positive; R2 5 R2 resection (residual tumor); SP 5 spleen metastases; D 5 diaphragmatic infiltration; P 5 pleural
metastases; MT5 thoracic involvement/mediastinal tumor; A5 ascites; HD 5 high-dose chemotherapy; CC5 completeness-of-cytoreduction
score; HIPEC5 hyperthermic intraperitoneal chemotherapy; ST5 soft-tissue metastases; BM5 bone metastases; RT5 radiation therapy.
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Immunohistochemistry
In total, 9 biopsies from all 8 patients were examined for CXCR4

expression by immunohistochemistry (patient 2 had a second postmor-
tem biopsy from a liver metastasis). The intensity of CXCR4 expression
was visually rated using a 4-point scale (0, absent; 1, weak; 2, moderate;
and 3, intense). The percentage of stained tumor cells was estimated,
and the staining intensity was rated by the immunoreactive score (sup-
plemental materials) (38).

CXCR4-Directed Therapy
For patients selected for CXCR4-directed endoradiotherapy, indi-

vidual pretherapeutic dosimetry with [177Lu]pentixather, with a mean
activity of 180 6 45 MBq, was performed as previously described (39).
Achievable doses in the tumor manifestations were estimated by multi-
plying the calculated dose coefficient in Gy/GBq by the administered
activity of [90Y]pentixather. Standardized institutional protocols for the
endoradiotherapy work-up were applied, as previously described (21,33).
Drug-related adverse events and toxicities were evaluated according to
the Common Toxicity Criteria of the National Cancer Institute (version
5.0) (40). Progression-free survival and OS were calculated from the
date of endoradiotherapy until documented radiologic or clinical pro-
gression or death.

Statistical Analysis
Statistical analyses were performed using Prism, version 9.3.0

(GraphPad Software). Descriptive data are presented as mean 6 SD or
median and range. To test for a normal distribution, the Shapiro–Wilk
test was applied and refuted a normal distribution in most of the imag-
ing data (SUV and TBR). For statistical comparison of SUV and TBR
for both tracers in corresponding lesions, as well as before and after
therapy, the Wilcoxon signed-rank test was performed. P values of
less than 0.05 were considered statistically significant.

RESULTS

Patient Cohort
The patient characteristics are detailed in Table 1 and the supple-

mental materials, and the treatment course is illustrated in Figure 1.
Before CXCR4 imaging and subsequent endoradiotherapy (if the
patient was eligible), all 8 patients received intensive multiagent
induction chemotherapy according to established sarcoma protocols
(e.g., EWING 2008 protocol) (41–43), followed by high-dose

chemotherapy with autologous stem cell transplantation in analogy
to Kushner et al. (3 patients) (44) or as conditioning chemotherapy
along with endoradiotherapy (1 patient). A median of 2.5 lines
(range, 1–5 lines) of previous systemic regimens were administered
before CXCR4 imaging and subsequent endoradiotherapy. Seven
patients underwent prior abdominal debulking surgery (6 with addi-
tional hyperthermic intraperitoneal chemotherapy), and 1 patient
was subjected to radiation therapy of a single vertebral body before
diagnostic CXCR4 PET. The median time from the start of first-
line systemic therapy to endoradiotherapy was 15.1mo (range,
7.3–33.4mo), and the median interval between diagnostic CXCR4
PET and CXCR4-directed [90Y]endoradiotherapy was 48 d (range,
26–92 d). Notably, patient 2 received 2 subsequent cycles of
endoradiotherapy.

Analysis of [68Ga]Pentixafor and [18F]FDG PET
All 7 patients with EWSR1-WT1 fusion-positive DSRCT showed

a significant accumulation of [68Ga]pentixafor in tumor lesions,
whereas patient 5, classified as having an undifferentiated sarcoma
on reference pathology, was the only patient lacking tracer
uptake. Although most of the tumor manifestations were concor-
dantly CXCR4-positive and [18F]FDG-positive, we found discordant
[18F]FDG-positive, CXCR4-negative manifestations in 3 patients
(2 patients with only 1 lymph node metastasis and 1 patient with
3 peritoneal metastases). In contrast, discordant [18F]FDG-negative,
CXCR4-positive manifestations were observed in 3 patients (2
patients with only 1 metastasis [liver in one and lymph node in the
other] and 1 patient with 3 peritoneal metastases). Figure 2 shows
an example of patient 2. Of an overall 61 tumor lesions, 60 showed
[18F]FDG uptake (98.4%) and 57 showed [68Ga]pentixafor uptake
(93.4%). Fifty-six lesions showed corresponding [18F]FDG and
[68Ga]pentixafor uptake. Of these, the median SUVpeak (5.7 [range,
1.5–16.6] vs. 4.7 [range, 1.7–10.3], P # 0.001) and median TBR
(3.8 [range, 0.9–9.2] vs. 2.9 [range, 0.7–5.9], P # 0.001) were sig-
nificantly higher for [18F]FDG than for [68Ga]pentixafor.

Individual Dosimetry and Therapy with [90Y]Pentixather
After baseline screening with [68Ga]pentixafor PET/CT, all except

1 patient (patient 5) were considered eligible for CXCR4-directed
endoradiotherapy. However, after interdisciplinary counseling, patient

4 opted for in-label treatment with pazopa-
nib, whereas patients 6 and 8 had to be ex-
cluded because of compliance reasons and
insufficient uptake in [177Lu]pentixather
dosimetry, respectively. In the remaining
patients, the mean estimated doses for tumor
lesions were 2.76 0.9Gy/GBq (range, 1.4–
3.6Gy/GBq). Detailed dosimetry data are
presented in Supplemental Table 1. Figure 3
shows an example of patient 7 before and
after [90Y]pentixather endoradiotherapy.

Safety
Four patients received a total of 5 cycles

of [90Y]pentixather with a mean activity of
6.66 2.9 GBq (range, 1.7–9.1 GBq). Ther-
apeutic administration of [90Y]pentixather
was well tolerated, and no severe nonhema-
tologic adverse effects ($grade 3 Common
Terminology Criteria for Adverse Events)
occurred. On day 3, patients were transferred
from the Department of Nuclear Medicine

FIGURE 1. Swimmers plot for all patients from date of diagnosis until death. Systemic treatments are
visualized by different symbols. Patient 8 is still alive, as indicated by arrow. CRS 5 cytoreductive sur-
gery; ERT 5 CXCR-4 directed [90Y]endoradiotherapy; ES 5 exploratory surgery; HD-CT 5 high-dose
chemotherapy; HIPEC5 hyperthermic intraperitoneal chemotherapy.
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to Internal Medicine for further monitoring and autologous stem
cell rescue on day 14 (after 5 half-lives of 90Y).
Severe hematotoxicity was expected and occurred in all patients

with myeloablative endoradiotherapy, resulting in grade 3–4 neu-
tropenia (febrile neutropenia in 2 patients, onset from days 10–12),
grade 4 thrombocytopenia (onset from days 10–18) requiring an
average of 3 platelet concentrates, and prolonged grade 3–4 anemia
requiring an average of 3 red blood cell units per patient to bridge
the time until blood count recovery in all patients (Table 2). One
patient with end-stage disease and preexisting obstructive jaundice
from extensive liver metastases died of endoradiotherapy-induced
neutropenia after the second treatment cycle from septic cholangitis
on the day of planned stem cell rescue.

Antitumor Efficacy of Endoradiotherapy with [90Y]Pentixather
Follow-up [18F]FDG PET/CT demonstrated a significant decrease

in the median SUVpeak after therapy (4.7 [range, 2.2–14.4] vs. 7.4
[range, 1.9–16.6], P # 0.001). In parallel, the median TBR also
significantly declined (3.6 [range, 1.7–6.5] vs. 5.0 [range, 1.3–9.2],
P # 0.001).
All 3 patients treated with myeloablative activity had signs of met-

abolic response, and 2 (patients 3 and 7) achieved stable disease
according to RECIST. The third patient (patient 2) demonstrated a
metabolic response in preexisting lesions but was classified as hav-
ing PERCIST progressive disease because of new [18F]FDG-positive

lesions on the first follow-up imaging. This
very frail patient with end-stage progressive
disease and obstructive jaundice due to
extensive liver metastases demonstrated
indirect evidence of a response, with a tem-
porary improvement in serum biochemistry,
namely a 50% reduction in peak bilirubin
levels after the first cycle of endoradiother-
apy. Therefore, he continued to a second
endoradiotherapy cycle but died from neu-
tropenic sepsis 15 d after the second [90Y]
pentixather application, with no additional
systemic chemotherapy applied. Notably,
in this patient, evidence of regression in
30%–50% of tumor cells (fulfilling the path-
ologic partial-response criteria) was demon-
strated on autopsy (Supplemental Fig. 1).
Interestingly, the only patient in our endo-

radiotherapy cohort with no metabolic response had received a sig-
nificantly reduced, nonmyeloablative [90Y]pentixather activity
because of lack of an autologous stem cell graft.
In summary, the progression-free survival of the cohort after

endoradiotherapy was 104 d (range, 28–176 d), with the 2 evalu-
able patients demonstrating a promising progression-free survival
of 143 and 176 d, respectively. Median OS of the total cohort
from the start of first-line CT was 24.6mo (range, 12.1–42.8mo).
This compares with survival data for DSRCT cohorts published in
the literature, with OS varying between 24 and 29mo (8–10).
Detailed information is summarized in Table 3 and the supple-

mental materials.

CXCR4 Immunohistochemistry
Moderate to strong membranous CXCR4 expression was detected

by immunohistochemistry in 7 of 8 patients, with 55%–95% (median,
80%) positive cells. The immunoreactive score was predominantly in
the middle range (6–8 points). Proliferative activity ranged from 20%
to 70% (Ki-67), without association with CXCR4 labeling indices
(Supplemental Table 2).
Patient 8 showed only 55% CXCR4-positive tumor cells, a find-

ing that was associated with insufficient uptake during dosimetry.
Patient 5, with morphologic and histologic features of DSRCT but
no expression of EWSR1-WT1 fusion transcript, was classified as
having undifferentiated sarcoma by reference pathology. This was

the only patient completely negative for
CXCR4 on immunohistochemistry and
[68Ga]pentixafor PET/CT. In patient 2,
CXCR4 expression was also examined in
the liver metastasis at autopsy after CXCR4
endoradiotherapy. Interestingly, CXCR4
expression level was still high (primary
biopsy, 95%; autopsy material, 80%), and
morphologically distinct signs of regression
were present, with increased cell and nuclear
pleomorphism as well as tumor necrosis
(Supplemental Fig. 1).

DISCUSSION

Here, we report a cohort of 8 male
patients with DSRCT who underwent im-
aging with [18F]FDG and subsequent [68Ga]
pentixafor PET/CT as screening for potential

FIGURE 2. PET/CT scans with [68Ga]pentixafor and [18F]FDG for patient 2. (A–C) [18F]FDG PET/CT
shows intensive uptake in all tumor lesions (abdominal primary, lymph node, and hepatic metastasis)
and moderate reactive uptake in bone marrow caused by chemotherapy. (D–F) In comparison,
[68Ga]pentixafor PET/CT demonstrates intensive and specific tracer accumulation in tumor lesions.

FIGURE 3. Pre- and posttherapeutic PET/CT scans with [68Ga]pentixafor and [18F]FDG for patient
7. Shown are pretherapeutic coronal (A) and axial (B and C) slices of PET/CT scan with [68Ga]pentixa-
for and corresponding slices using [18F]FDG (D–F). All metastatic lesions (lymph node, hepatic, and
peritoneal implants) demonstrated intensive [68Ga]pentixafor uptake with corresponding [18F]FDG
accumulation (F), except for 1 lymph node metastasis in mediastinum (B and C, black arrows). Post-
therapeutic [18F]FDG PET/CT shows significantly decreased metabolism of tumor lesions after
[90Y]pentixather therapy (G, red arrows).
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CXCR4-directed endoradiotherapy. CXCR4 expression has been pre-
viously described in different types of sarcoma, especially Ewing sar-
coma, which shares many biologic features with DSRCT (25–27).
Radiation therapy is effective for DSRCT and has been shown to

improve OS in some patients (9,45,46). However, whole-abdomen
radiotherapy is associated with considerable toxicity in several
organs at risk, resulting in significant dose reductions, and its bene-
fits remain controversial. By leveraging the radiosensitive properties
of DSRCT, we hypothesized that delivering radiotherapy on the
molecular or cellular level targeting CXCR4 might reduce toxicity
and offer a new treatment approach. CXCR4 endoradiotherapy has

been shown to be safe and effective for different hematologic
malignancies (9,45).
In our case series, we are the first—to our knowledge—to describe

CXCR4 expression (confirmed by immunohistochemistry) in all
cases of EWSR1-WT1 fusion-positive DSRCT. Notably, all these
patients showed significant uptake of [68Ga]pentixafor in their
tumor lesions.
Comparative imaging with [18F]FDG and [68Ga]pentixafor PET/

CT showed comparable detection rates of 98.4% for [18F]FDG and
93.4% for [68Ga]pentixafor PET/CT between the tracers, with
sensitivity levels comparable to previously published data (18).

TABLE 2
Toxicities After CXCR4-Directed Endoradiotherapy

Parameter Patient 1

Cycle 1 Cycle 2

Patient 3 Patient 7Patient 2

Therapy activity (GBq) 1.7 7.2 9.1 6.6 8.2

Neutropenia No II III III IV

Febrile neutropenia No No Yes No Yes

Thrombocytopenia No IV IV III IV

TC (units/3mo) No 3 2 3 3

Anemia (g/dL) No III III III IV

RBC (units/3mo) No 2 2 4 4

AST (U/mL) ,ULN I!II II!II I I

Hyperbilirubinemia ,ULN IV* IV* ,ULN!3! ,ULN† ,ULN

Creatinine I ,ULN ,ULN ,ULN ,ULN

Death (,3mo after ERT) No Yes (neutropenic sepsis) No No

*Pretherapeutic jaundice due to obstructing liver metastasis.
†Preexisting liver fibrosis on elastography (FibroScan [Echosens]: F3–F4) resulting in temporary hyperbilirubinemia.
TC 5 thrombocyte concentrate transfusion; RBC 5 red blood cell transfusion; AST 5 aspartate aminotransferase; ULN 5 upper limit

of normal; ERT 5 endoradiotherapy.

TABLE 3
Outcome After CXCR4-Directed Endoradiotherapy and Cause of Death

Patient
no.

Max. calculated
tumor dose (Gy)

ASCT
(HD-CT) RECIST PERCIST

PFS from
ERT (d)

OS from
ERT (d)

OS from
ICT (m) Cause of death

1 6.1 No PD PD 65 143 12.1 Liver failure, small-
bowel obstruction

2 25.2 ASCT d14 PD PD* 28

2 21.8 ASCT d14 NA NA NA† 61 18.0 Liver failure, cholangitis/
sepsis in neutropenia

3 9.2 ASCT d14 SD SD 143 282 42.8 Large-bowel obstruction,
peritonitis/sepsis in
neutropenia

7 21.3 ASCT d14
(Mel/Thio)

SD PR 176 225 21.7 Small-bowel obstruction,
gastrointestinal tumor
bleeding, renal failure

*PD because of new lesions; otherwise, PR.
†Patient 2 died 15 d after second ERT.
Max. 5 maximum; ASCT 5 autologous stem cell transplantation; HD-CT 5 high-dose chemotherapy; PFS 5 progression-free survival;

ERT5 endoradiotherapy; ICT5 induction chemotherapy; PD5 progressive disease; d145 day 14; NA5 not applicable; SD5 stable disease;
PR5 partial response; Mel5 melphalan, 150mg/m2; Thio5 thiotepa, 235mg/kg.
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Lesions with exclusive CXCR4 positivity or negativity likely repre-
sent tumor heterogeneity and may respond differently to treatment.
These lesions should be monitored and further investigated by tar-
geted biopsies and may offer potential for individualized treatment
decisions, such as targeted irradiation or surgery.
Four of our patients were treated with CXCR4-directed [90Y]

endoradiotherapy after individual pretherapeutic dosimetry with
[177Lu]pentixather. In accordance with previous experience with
CXCR4-directed endoradiotherapy in other entities (21,31–33,47),
myelosuppression due to CXCR4 expression on hematopoietic cells
requires obligatory stem cell rescue, blood product support, and
management of febrile neutropenia. This expected hematotox-
icity is manageable in a generally young, usually organ-fit DSRCT
patient population.
Interestingly, metabolic activity was significantly decreased in

tumor lesions after endoradiotherapy, as measured by [18F]FDG
PET/CT, indicating a therapeutic response (17). On a patient basis,
3 of 4 patients demonstrated signs of metabolic response, with
the only nonresponder being probably underdosed (because of
lack of stem cells). Remarkably, 2 patients with progressive dis-
ease before endoradiotherapy achieved disease stabilization with
an OS of 225 and 282 d, respectively, and in the third patient,
with fatal sepsis, a pathologic partial response was demonstrated
on postmortem biopsy.
Promising results from an intraperitoneally applied radioligand

(131I-omburtamab) have been reported by others in DSRCT, with
a superior OS of 54mo as compared with historical data from the
standard of care at 36mo (48). However, this local therapy differs
from our systemic treatment in 3 ways: only patients after cytore-
ductive surgery (i.e., without a measurable disease burden or with
a low disease burden) were included, intraperitoneal radioimmu-
notherapy does not target extraabdominal disease, and almost all
patients received additional whole-abdomen radiotherapy; thus,
the effect of intraperitoneal radioimmunotherapy alone remains
unclear. Supporting data were recently published, targeting fibro-
blast activation protein with 90Y-labeled fibroblast activation pro-
tein inhibitor 46 radioligand therapy in a cohort that included
16 patients with advanced sarcoma (but no DSRCT). This approach
was demonstrated to be safe and induced disease stabilization
(RECIST 1.1) and metabolic responses (PERCIST) in approxi-
mately one third of the patients (49).
In our cohort, all treated patients presented with late-stage

therapy-refractory DSRCT. We believe that more pronounced
responses might be achievable with less tumor burden or an earlier
disease stage. Given the descriptive and exploratory character of
our analysis, we want to emphasize that our results have to be
interpreted with caution and that the value of statistical analyses is
severely compromised by the limited number of patients. How-
ever, considering the poor OS rates in DSRCT and the lack of
standardized treatment, the medical need for innovative therapies
is obvious. Thus, our proof-of-concept study could serve as a stim-
ulus for future research and clinical trial design. For instance, we
propose to investigate CXCR4 endoradiotherapy in DSRCT after
early cytoreductive surgery or as part of a consolidating high-dose
chemotherapy approach in patients with chemosensitive disease.
In addition, modulation of CXCR4 receptor expression, as recently
described by others (50–52), needs to be explored for its potential
to increase endoradiotherapy efficacy. Finally, our promising data
clearly indicate that CXCR4-directed endoradiotherapy may also
be exploited in Ewing sarcoma, which occurs much more fre-
quently and is known to overexpress CXCR4 (26,53).

CONCLUSION

CXCR4 is a promising diagnostic and therapeutic biomarker for
DSRCT, as confirmed by immunohistochemistry and PET. We
demonstrated the feasibility of CXCR4-directed endoradiotherapy
and provided the first evidence of its antitumor activity.
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KEY POINTS

QUESTION: Can CXCR4-directed endoradiotherapy be performed
on DSRCT, a radiosensitive, yet difficult-to-treat sarcoma?

PERTINENT FINDINGS: Since DSRCT overexpresses CXCR4
on the cell surface, receptor-directed PET imaging and
subsequent endoradiotherapy are feasible. Beyond the expected
hematotoxicity, CXCR4-directed endoradiotherapy was well
tolerated, with no severe nonhematologic adverse events, and
was able to induce disease stabilization in patients with advanced
DSRCT.

IMPLICATIONS FOR PATIENT CARE: CXCR4-directed
endoradiotherapy in DSRCT is feasible and might prove a new
option for patients with otherwise limited treatment alternatives.
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Dual-Time-Point Posttherapy 177Lu-PSMA-617 SPECT/CT
Describes the Uptake Kinetics of mCRPC Lesions and
Prognosticates Patients’ Outcome
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177Lu-PSMA-617 is an effective therapeutic option in metastasized
castration-resistant prostate cancer (mCRPC). However, some patients
progress under treatment. We hypothesized that the tracer kinetics
within the metastases may influence the therapy effectiveness and
tested this hypothesis by analyzing uptake parameters on 2 consecu-
tive posttherapy SPECT/CT scans.Methods:mCRPC patients treated
with 177Lu-PSMA-617 and with available posttherapy SPECT/CT imag-
ing (24 and 48h after the first treatment) were enrolled retrospectively.
Volumes of interest were defined on lymph node metastasis (LNM) and
bone metastasis (BM) on both SPECT/CT scans. The reduction of the
percentage injected dose (%IDred) between the 2 SPECT/CT scans
was computed.We compared%IDred of responders (prostate-specific
antigen drop $ 50% after 2 cycles of 177Lu-PSMA-617) and nonre-
sponders. We tested the association of %IDred with progression-free
survival and overall survival (OS) using a univariate Kaplan–Meier (KM)
analysis and a multivariate Cox regression model. Results: Fifty-five
patients (median age, 73y; range, 54–87y) were included. %IDred in
LNM and BM was greater in nonresponders than in responders (for
LNM, 36% in nonresponders [interquartile range (IQR), 26%–47%] vs.
24% in responders [IQR, 12%–33%] [P5 0.003]; for BM, 35% in non-
responders [IQR, 27%–52%] vs. 18% in responders [IQR, 15%–29%]
[P 5 0.002]). For progression-free survival, in KM analysis, greater
%IDred in LNM (P 5 0.008) and BM (P 5 0.001) was associated with
shorter survival, whereas in multivariate analysis, only %IDred in LNM
was retained (P 5 0.03). In univariate KM analysis of OS, greater
%IDred in BMwas associated with shorter survival (P5 0.002). In multi-
variate OS analysis, BM%IDred (P5 0.009) was retained.Conclusion:
The 177Lu-PSMA-617 clearance rate frommCRPCmetastases appears
to be a relevant prognosticator of response and survival, with faster
clearing possibly signaling a shorter radiopharmaceutical residence
time and absorbed dose. Dual-time-point analysis appears to be a
feasible and readily available approach to estimate the likelihood of
response and patients’ survival.

Key Words: 177Lu-PSMA-617; RLT; SPECT/CT; mCRPC; dual time
point

J Nucl Med 2023; 64:1431–1438
DOI: 10.2967/jnumed.122.264770

Lutetium-177-PSMA-617 radioligand therapy (RLT) is a treat-
ment option for prostate-specific membrane antigen (PSMA)–
positive metastasized castration-resistant prostate cancer (mCRPC),
which showed a survival rate superior to supportive treatment and
a higher response rate with fewer adverse events than second-line
chemotherapy (1,2). This treatment can induce a satisfactory response
(prostate-specific antigen [PSA] decrease . 50%) in more than half
of the treated subjects and hinder progression in 30% of them
(2–6). It is safe and well tolerated, with toxicity-related discontinu-
ation being rare (7).
However, some patients progress during the treatment, despite

having shown adequate PSMA uptake on the pretherapy PET (8),
which should have implied adequate radiopharmaceutical binding
and tumor radiation exposure. Nonetheless, the tumor dose depends
on the area under the curve of uptake intensity and 177Lu-PSMA-
617 residence time within the lesions; those with a fast radiopharma-
ceutical turnover could therefore receive an insufficient radiation
dose. Moreover, the 177Lu-PSMA-617 kinetics could vary across
metastasis types (lymph node metastasis [LNM], bone metastasis
[BM], and organ metastasis localizations). Estimating the radiophar-
maceutical residence time from PET images, using multiple acquisi-
tions, is hardly feasible, given the short half-life of the current
diagnostic radionuclides 68Ga and 18F. In opposition, this parameter
could be estimated on the post-RLT scans using the g-radiation com-
ponent of 177Lu-PSMA-617 (9).
A recent study confirmed that the dose to the metastases is piv-

otal in inducing response: patients receiving less than 10Gy to
the tumor localizations were unlikely to achieve a response (10).
A full dosimetry approach is time-consuming and requires the pa-
tients to undergo a series of diagnostic acquisitions up to 7 d after
177Lu-PSMA-617 administration (10). Therefore, it is not yet used
in the clinical routine. However, in theory, the PSMA kinetics
within the lesions could be estimated with as few as 2 imaging
time points, which may allow identification of the rate of change
between the scans. In this study, we measured the percentage
injected dose (%ID) within the mCRPC secondary lesions on 2
posttherapy SPECT/CT scans; the objective was to test whether the
percentual change of this parameter correlates with the patients’
response, as well as with progression-free survival (PFS) and over-
all survival (OS).
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MATERIALS AND METHODS

Patients and Ethics
The local database was retrospectively searched for mCRPC pa-

tients treated with 177Lu-PSMA-617 between April 2016 and September
2020. Criteria of eligibility for the treatment were histologically con-
firmed prostate cancer with progression to mCRPC status, adequate
PSMA expression on a recent (,60 d) PET scan (18F-PSMA-1007 or
68Ga-PSMA-11), and approval by a registered multidisciplinary tumor
board. Criteria of inclusion in the study were availability of dual-time-
point SPECT/CT imaging (24 and 48 h after injection) at the time of
the first RLT and at least 2 cycles of 177Lu-PSMA-617. There was no
set maximum number of RLT cycles; treatment was carried on until
complete response, disease progression, or intolerable therapy-related
toxicity.

Exclusion criteria were unavailability or insufficient quality of
SPECT/CT imaging, neuroendocrine histology, presence of PSMA-
negative or 18F-FDG–positive disease (11), and later onset of PSMA-
negative progression. Approval for this retrospective study was
obtained from the local ethics committee of the University Hospital of
T€ubingen (decision 672/2019BO2), and the need to obtain specific
consent was waived.

Patients with mCRPC treated with
177Lu-PSMA radioligand therapy

(n = 125)

Patients with complete imaging
(n = 65)

Patients included
(n = 55)

Excluded due to
mismatch with the clinical
inclusion criteria (n = 5)
Excluded due to therapy
discontinuation (n = 5)

Excluded due to missing
imaging
(n = 60)
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FIGURE 1. Patient recruitment workflow.

TABLE 1
Patient Population

Variable All patients Responders Nonresponders* P†

n 55 25 30 —

Age (y) 73 (67–79) 72 (74–76) 73 (64–79) 0.26

PSA 84 (22–307) 55 (19–146) 205 (30–565) 0.077

Hemoglobin (g/dL) 11 (10.1–12.1) 11.5 (10.6–13.1) 10.4 (10–11.4) 0.069

ANC (tsd/mL) 3.7 (3.2–4.8) 3.5 (2.7–4.4) 3.9 (3.2–4.8) 0.169

Platelets (tsd/mL) 233 (153–260) 209 (158–240) 236 (156–309) 0.098

Previous chemotherapy

Yes 34 (62%) 15 (60%) 19 (63%) 0.927

No 21 (38%) 10 (40%) 11 (37%)

Previous 223RaCl2 (Xofigo; Bayer)

Yes 7 (13%) 4 (16%) 3 (10%) 0.506

No 48 (87%) 21 (84%) 27 (90%)

Previous treatments 3 (0–6) 3 (0–6) 3 (0–6) 0.93

PSMA cycles 3 (2–8) 4 (2–8) 2 (2–6) 0.006

Metastases

LNM 43 (78%) 21 (84%) 22 (73%) 0.34

BM 43 (78%) 16 (64%) 27 (90%) 0.02

Organ 14 (26%) 6 (24%) 8 (27%) 0.82

Tumor volume (mL)

LNM 25 (9.14–67.8) 27 (11.1–94.3) 19.7 (6.9–53.2) 0.62

BM 237 (58.9–525.8) 145 (50.5–569.7) 248.9 (81.8–489) 0.94

Organ 34 (9.82–52.7) 32.8 (15.5–38.1) 42 (7.9–56.9) 0.51

*This group includes both nonresponders and partial responders.
†Obtained by different statistical tests (see Materials and Methods).
ANC 5 absolute neutrophil count; tsd 5 thousand.
Continuous data are median and range; qualitative data are number and percentage.
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177Lu-PSMA-617 SPECT/CT Acquisition and Reconstruction
Images were acquired 24 and 48 h after 177Lu-PSMA-617 adminis-

tration on a hybrid, dual-head g-camera (NM/CT 670pro; GE Health-
care) equipped with medium-energy collimators. Whole-body planar
acquisition (bed speed, 20 cm/min) and 2 or 3 SPECT/CT scans, to
cover the field of view between the vertex and the mid thigh, were
acquired. SPECT data (obtained with a 180! range, 6! steps, and a
step time of 20 s) were reconstructed using a 3-dimensional, ordered-
subset expectation maximization algorithm (with CT-based attenuation
correction, scatter correction, and resolution recovery). CT had low-
dose settings (30 mA, 120 kV). The SPECT and CT images were then
coregistered (Xeleris V.4; GE Healthcare).

Image Analysis
SPECT/CT images acquired after the first 177Lu-PSMA-617 admin-

istration were analyzed using a commercial application (Volumetrix
MI; GE Healthcare). On loading the first SPECT/CT scan, the injected
and residual activity, as well as calibration and administration times,
were inserted. Volumes of interest (VOIs) were constructed semiauto-
matically on the LNM, BM, and organ metastasis localization by first
encasing the target lesions in a large VOI and then applying automatic
thresholding (41% of the maximum voxel value); finally, nontarget

areas were manually excluded. The minimum
VOI was set at 5 cm3. The sum of all VOIs
was labeled tumor burden.

For each VOI, the system calculated the
mean and maximum activity concentrations
and %ID (that is, the percentage of the initial
injected dose that was retained within a spe-
cific volume in the 2 time points). We com-
puted this parameter for the LNM, BM, and
organ metastasis localizations separately, as
well as a single score including all disease
localizations (%ID total). For the main pur-
poses of our analysis, we considered this last
parameter only because of its robustness (12).
Concentration indices were tested only in the
differentiation between responders and non-
responders; we did not compute weight-
normalized indices, such as SUVmean or
SUVmax, because they can underperform in
the evaluation of tissue-specific tracers (13).
All VOIs were then exported onto the second
dataset, and positioning adjustments were
made whenever necessary. Finally, we calcu-
lated the relative reduction of %ID (%IDred)
from the first to the second SPECT/CT scan in
each district (LNM, BM, and organ metastasis).

Study Objectives
The first objective was to test whether there

are differences in %IDred between responders
(PSA drop $ 50% after 2 RLTs) and nonre-
sponders. In a subanalysis, patients were strati-
fied into good responders (PSA drop $ 50%),
partial responders (PSA drop, 1%–50%), and
nonresponders (no PSA drop or progression).
The PSA variation was calculated as the per-
cent difference between the baseline value (on
the day of the first RLT, before 177Lu-PSMA-
617 administration) and the measurement 1 mo
after the second RLT cycle.

The second objective was to identify
whether %IDred or baseline %ID in any of

the considered disease localizations correlated with PFS or OS. All
patients had routinely undergone a clinical or laboratory data evaluation

FIGURE 2. Median values of %IDred in LNM (top panels), BM (middle panels), and organ metasta-
sis (bottom panels). Negative values represent increase in activity.

FIGURE 3. Diverging washout rate in BM lesions between case of good
response (fused axial view, top panels) and one with progressive disease
(fused axial view, bottom panels).
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1 mo after each treatment, and imaging with 68Ga-PSMA-11 or 18F-
PSMA-1007 PET/CT had been performed 1 mo after every second RLT.
Parameters related to the patients’ clinical history, laboratory values, and
imaging-related indices were tested; these indices were chosen on the
basis of clinical reasoning and available literature data (14).

PFS was defined as the time elapsed between RLT start and pro-
gression; that is, 2 consecutive increases in PSA levels totaling at least
25% of the nadir (15), appearance of new metastatic lesions on any
imaging, worsening of disease-related symptoms requiring an adjust-
ment in supportive therapy, deterioration of general conditions, or any
instance in which an mCRPC therapy change was required. OS was
defined as the time between RLT start and confirmed disease-related
death of the patient.

Statistical Analysis
Data are presented as median and interquartile range (IQR) unless oth-

erwise specified. Comparisons between continuous variables between
groups were made using the unpaired Student t test (2 groups) or
1-way ANOVA with least significance difference post hoc comparison

(3 groups) for normally distributed data and
using the Mann–Whitney test (2 groups) or
Kruskal–Wallis test (3 groups) for nonnor-
mally distributed data. Categoric variables
were compared using the x2 or Fisher exact
test, as appropriate. Correlations between
continuous variables were made by means
of bivariate analysis, using the Pearson coeffi-
cient. Predictors of PFS and OS were tested
using the Kaplan–Meier estimator (dichoto-
mized or categoric variables) and with a uni-
variable Cox regression model. A multivariable
model was then constructed using a combi-
nation of statistically significant image-derived
and clinical parameters. The multivariable
analysis was performed with the Cox pro-
portional hazard model, and the proportional
hazard assumptions were tested using Schoen-
feld residuals. Multicollinearity was checked

by matrix correlation. A P value of less than 0.05 was considered
statistically significant.

RESULTS

Patients’ Cohort Characteristics
Initially, 125 patients treated with 177Lu-PSMA-617 RLT were

identified. Sixty subjects were excluded because of unavailable
2–time point imaging. Five more patients were excluded who,
because of mixed 68Ga/18F-PSMA and 18F-FDG–positive disease
or neuroendocrine histology, had received 177Lu-PSMA-617 as a
disease control attempt due to the lack of viable alternatives. Five
patients were excluded because of treatment discontinuation unre-
lated to disease progression. Thus, 55 patients were ultimately
included (Fig. 1).
Table 1 shows an overview of the 55 included patients. The

subjects had a long disease history, with a median of 8.3 y between
diagnosis and RLT (IQR, 3.7–14.2 y). The median time between
diagnosis and mCRPC progression was 3.1 y (IQR, 1.4–9.1 y);

FIGURE 4. Univariable predictors of PFS. (A) LNM lesion %IDred. (B) BM lesion %IDred. (C) LNM
%ID. (D) BM%ID.

TABLE 2
Univariable Analysis of PFS Predictors Using Proportional Cox Regression Model

Variable Hazard ratio 95% CI P

Age 0.961 0.925–0.999 0.045

Overall disease duration 0.999 0.995–1.003 0.632

Time to mCRPC 0.997 0.992–1.002 0.29

Previous chemotherapy 0.913 0.51–1.634 0.759

Previous 223RaCl2 0.852 0.378–1.917 0.699

More than 3 therapy lines 0.81 0.446–1.472 0.49

PSA at baseline 1 1–1.001 0.092

Hemoglobin at baseline 0.863 0.842–1.155 0.863

Tumor burden 1 1–1.001 0.6

%IDred LNM 1.026 1.011–1.042 0.001

%IDred BM 1.021 0.006–1.038 0.008

Baseline %ID LNM 0.946 0.855–1.046 0.279

Baseline %ID BM 0.983 0.953–1.015 0.29

Baseline %ID total 0.997 0.968–1.026 0.83
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afterward, the patients were treated with standard approaches for a
median time of 3.1 y (IQR, 2.1–4.9 y) before 177Lu-PSMA-617.
On RLT start, 43 (78%), 43 (78%), or 14 (26%) subjects had

LNM, BM, or organ metastasis, respectively. The latter category
included liver (n 5 6, 43%), lung (n 5 7, 50%), and meningeal
(n 5 1, 7%) localizations. Subjects received a median of 3 cycles
of 177Lu-PSMA-617 RLT (IQR, 2–8). After the first 2 treatment
cycles, 25 (45%), 12 (22%), and 18 (33%) patients were classified
as responders, partial responders, and nonresponders, respectively.
Tumor volume and %ID were not significantly different between
responders and nonresponders.

Tracer Kinetics Across Responders and Nonresponders
Median values of %IDred within LNM were significantly higher

in nonresponders (36%; IQR, 26%–47%) than in responders (24%;
IQR, 12%–33%; P 5 0.003; Fig. 2). When examining the variation
across good, partial, and nonresponders, an increasing trend of
%IDred was noted, indicating rapid tracer clearance in partial and
nonresponders (partial responders, 30% [IQR, 26%–38%]; nonre-
sponders, 42% [IQR, 33%–57%]; P 5 0.001 between nonrespon-
ders and good responders; Fig. 2).
A similar pattern was detected in BM. Nonresponders had a more

pronounced median %IDred drop than did responders (nonrespon-
ders, 35% [IQR, 27%–52%]; responders, 18% [IQR, 15%–29%];
P 5 0.002). Partial responders had a large median %IDred overlap
with nonresponders (partial responders, 28% [IQR, 23%–55%];

nonresponders, 37% [IQR, 29%–46%]; P 5 0.002; Fig. 2). Figure 3
shows visual representations of the activity kinetics in BM.
In the patients’ subgroup with organ metastasis, a visual and

nonsignificant trend toward a difference in %IDred between re-
sponders and nonresponders could be observed (Fig. 2).
Compared with %ID, mean radioactivity concentration appeared

to have at least noninferior performance in telling apart responders
from nonresponders; maximum radioactivity concentration seemed
to perform less well (Supplemental Table 1 [supplemental materi-
als are available at http://jnm.snmjournals.org]).
Finally, there was a direct correlation between %IDred in LNM

and %IDred in BM (R 5 0.494, P 5 0.005), as well as between
BM and organ metastasis (R 5 0.763, P 5 0.006). Conversely, no
correlation was found between LNM and organ metastasis (R 5

0.037, P 5 0.908).

Prognostic Factors of PFS
Progression occurred in all patients, with a median time to the

event of 7.5mo (95% CI, 4.7–10.3mo). An %IDred value above
the median in both LNM and BM was associated with shorter sur-
vival (Fig. 3). Moreover, higher %ID within the LNM correlated
with longer survival (Fig. 4). The kinetics of 177Lu-PSMA-617
within the organ metastasis had no prognostic implications (data
not shown).
Supplemental Table 2 and Table 2 present an overview of all

tested PFS predictors in the Kaplan–Meier and simple proportional
Cox regression analyses, respectively. In
the multivariable Cox regression analysis,
which consisted of all factors showing a
significant association with PFS in the uni-
variable tests, only %IDred in the LNM
retained a significant association with PFS
(Table 3).

Prognostic Factors of OS
Forty-three patients died of disease. OS

from the RLT start was 16.3mo (95% CI,
11.1–21.6). %IDred in BM predicted OS,
but neither LNM nor BM %ID was associ-
ated with OS (Fig. 5).
All tested factors in Kaplan–Meier and

univariable Cox regression are presented
in Supplemental Table 3 and Table 4,
respectively.
In the multivariable Cox regression anal-

ysis, indices of tumor burden, as well as
FIGURE 5. Univariable predictors of OS. (A) LNM lesion %IDred. (B) BM lesion %IDred. (C) LNM
%ID. (D) BM%ID.

TABLE 3
Multivariable Analysis of PFS Predictors Using Proportional Cox Regression Model

Variable B SE Wald df P Exp(B) 95% CI

Age 20.05 0.029 3.103 1 0.078 0.95 0.897–1.006

Time to mCRPC 0.003 0.004 0.669 1 0.413 1.003 0.995–1.012

%ID baseline LNM 0.126 0.133 0.900 1 0.343 1.134 0.874–1.472

%IDred LNM 0.020 0.009 4.717 1 0.03 1.021 1.002–1.040

%IDred BM 0.017 0.016 1.157 1 0.282 1.017 0.986–1.049

B 5 Beta; Wald 5 Wald statistics; df 5 degrees of freedom; Exp(B) 5 hazard ratio.
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the degree of %IDred in BM, were associated with a worse out-
come; in contrast, baseline activity within the BM lesion reduced
the risk (Table 5). Similar results were obtained using the %ID
total instead of the BM-specific one (Supplemental Table 4).

DISCUSSION

This study presents evidence of a prognostic role of a kinetics
analysis of posttherapy images in patients treated with 177Lu-
PSMA-617 RLT. In particular, our data show that assessment of 2
time points of radiopharmaceutical distribution can reveal diverg-
ing patterns of uptake and washout from prostate cancer cells.
Patients who will respond to the treatment show 177Lu-PSMA-617
activity remaining stable or undergoing a moderate drop from the
first to the second observation point. Conversely, nonresponders
show more significant activity reduction within the metastases.
Finally, the activity drop between the 2 time points appears to be a
strong and independent prognostic marker of both PFS and OS.
The kinetics analysis suggests that a more significant drop in

activity could be linked with faster tracer washout from the cells
and therefore with a shorter radiopharmaceutical residence time,
which could entail a smaller delivered dose to the target lesions.
Conversely, stable radioactivity concentration indices could signal

a longer residence time of 177Lu-PSMA, resulting in a higher
delivered dose and better RLT effectiveness. This hypothesis is
supported by the correlation between the uptake variation within
the lesion and the long-term outcome and, more specifically, by
the difference in the determinants of PFS and OS: the kinetics
within the LNM was predictive of disease progression, whereas
the uptake patterns within the BM metastases correlated with OS.
mCRPC LNM disease can quickly escalate if left unchecked or
undertreated (16,17). However, LNM can only rarely cause mor-
bidity or mortality per se. Conversely, the overall burden of BM
has a proven impact on skeletal function and survival (18–20), and
failure in controlling the metastatic infiltration of the skeleton can
effectively reduce patients’ OS. Our data confirmed these notions,
showing that tracer uptake, washout rate, and tumor load were rel-
evant to OS.

Existing data on 177Lu-PSMA-617 RLT dosimetry indicate that
the radiation dose delivered to the target is key in ensuring
response (21,22). However, in a recent systematic review, a rele-
vant variability in tumor dose (range, 7.5–77.6Gy) was highlighted
across and within populations (23). Technical issues and differ-
ences in tracer uptake intensity could partly account for this vari-
ability. However, because the administered activity per cycle is
fixed (7,400 MBq), and given that all lesions show adequate

TABLE 4
Univariable Analysis of OS Predictors Using Proportional Cox Regression Model

Variable Hazard ratio 95% CI P

Age 1.008 0.968–1.051 0.686

Overall disease duration 0.996 0.992–1.001 0.102

Time to mCRPC 0.998 0.992–1.003 0.422

Previous chemotherapy 0.851 0.437–1.657 0.636

Previous 223RaCl2 0.875 0.362–2.115 0.767

More than 3 therapy lines 1.04 0.531–2.036 0.91

PSA at baseline 1.001 1–1.001 0.009

Hemoglobin at baseline 0.792 0.652–0.964 0.02

Tumor burden 1.001 1–1.001 0.021

%IDred LNM 1.017 0.997–1.037 0.089

%IDred BM 1.018 1.002–1.035 0.032

Baseline %ID LNM 1.024 0.93–1.128 0.627

Baseline %ID BM 1.001 0.971–1.033 0.971

Baseline %ID total 1.023 0.996–1.052 0.098

TABLE 5
Multivariable Analysis of OS Predictors Using Proportional Cox Regression Model

Variable B SE Wald df P Exp(B) 95% CI

PSA at baseline 0.001 0.000 9.975 1 0.002 1.001 1–1.001

Tumor burden 0.004 0.001 12.473 1 ,0.001 1.004 1.002–1.006

Hemoglobin at baseline 20.231 0.137 2.852 1 0.091 0.793 0.606–1.038

%IDred BM 0.024 0.009 6.838 1 0.009 1.025 1.006–1.143

Baseline %ID BM 20.225 0.059 14.804 1 ,0.001 0.798 0.712–0.895

B 5 Beta; Wald 5 Wald statistics; df 5 degrees of freedom; Exp(B) 5 hazard ratio.
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PSMA expression (24), it could be hypothesized that tracer uptake
and washout kinetics could be the main determinants of dose
variability.
In this study, we tested the efficacy of a dual-point tracer con-

centration measurement approach as a sort of dosimetry proxy.
Such an approach could be implemented as a quick clinical tool to
identify the kinetics pattern shortly after the first treatment admin-
istration, potentially enabling salvage in cases of accelerated
177Lu-PSMA-617 washout. However, this information can be
obtained only after the first treatment cycle has been administered.
To overcome this limitation, further studies could be designed to
transfer this concept to the pre-RLT imaging setting. Using longer–
half-life PSMA tracers, such as 64Cu-PSMA, would allow replica-
tion of the 177Lu-PSMA-617 setting (25,26). Another potential
approach could be represented by scanners with an ultralong axial
field of view, which allows very late imaging even when using
radiopharmaceuticals with a relatively short half-life, such as 18F-
PSMA-1007 (27,28).
Finally, modeling of the tracer kinetics could be used to imple-

ment tailored RLT. Specifically, the supposedly reduced residence
time of the radiopharmaceutical in patients with rapid 177Lu-
PSMA-617 washout could be compensated by increasing the dose
delivered per unit of time. This task could be accomplished by
increasing the administered activity or using hard-hitting radioiso-
topes, such as a-emitters, in lieu of 177Lu (29,30).
This study presents some limitations. It represents a single-

center, retrospective investigation that is thereby susceptible to
selection bias; strict selection criteria were used to avoid distor-
tion. Even though we analyzed organ metastasis, we could not
determine whether a difference in the tracer kinetics between
responders and nonresponders exists. This limitation could result
from the small sample size, as well as the heterogeneity of said
metastasis, which were in different organs. Nonetheless, similari-
ties in the washout behavior between organ metastasis and BM
could be identified, as highlighted by the correlation analysis, hint-
ing that these hallmarks of advanced disease tend to show compa-
rable 177Lu-PSMA-617 kinetics. Treatment response was always
assessed after the second RLT cycle without considering the maxi-
mum potential PSA decline; this choice was made to ensure con-
sistency, because the latter information was not always available.
Data from the pre-RLT PET/CT were available, yet the tracer

uptake intensity (SUV) was not factored into the univariate and
multivariate analyses, given the large variability of time elapsed
between imaging and RLT and that the tracer had been changed
during the observation period (68Ga-PSMA-11 to 18F-PSMA-1007).
Considering later time points in SPECT/CT, for example, 72–120h
after injection, could have improved the prognostic power of the
washout index. However, the overall goal of this research line is to
identify the kinetics trends as early and with as few time points as
possible to make the technique eventually feasible for everyday rou-
tine. Finally, many factors can affect OS, especially in patients with
a long disease history. To ensure homogeneity and assess the impact
of clinical variables on the outcome, we adopted tight selection crite-
ria and tested each of them with a survival analysis model.

CONCLUSION

The 177Lu-PSMA-617 kinetics in LNM and BM appear to be
prognostic of treatment response, as well as of survival. In particu-
lar, OS appears to be linked with the kinetics parameters of BM,
in keeping with the concept that BM is the most threatening

pathogenic mechanism of mCRPC. This information, which should
be confirmed by prospective trials, is readily obtainable from post-
therapy scans and could be used to prognosticate treatment outcomes
and design studies aimed to investigate the potential of PET-based
prediction, as well as the possibility of patient-adapted therapeutic
protocols of RLT.
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KEY POINTS

QUESTION: Are the 177Lu-PSMA-617 kinetics in mCRPC
localizations relevant to treatment effectiveness?

PERTINENT FINDINGS: Greater reduction of 177Lu-PSMA-617
concentration within metastasis over time was associated with
reduced response rate and shorter survival.

IMPLICATIONS FOR PATIENT CARE: The kinetics information
could be used in studies on RLT tailoring to test the effectiveness
of increase of activity or the use of higher-energy isotopes in
bolstering the target dose in patients with faster washout.
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Epithelial ovarian cancer (EOC) is often asymptomatic and presents
clinically in an advanced stage as widespread peritoneal microscopic
disease that is generally considered to be surgically incurable.
Targeted a-therapy with the a-particle–emitting radionuclide 225Ac
(half-life, 9.92 d) is a high-linear-energy-transfer treatment approach
effective for small-volume disease and even single cells. Here, we
report the use of human epidermal growth factor receptor 2 (HER2)
225Ac-pretargeted radioimmunotherapy (PRIT) to treat a mouse model
of human EOC SKOV3 xenografts growing as peritoneal carcinomato-
sis (PC).Methods:On day 0, 105 SKOV3 cells transduced with a lucif-
erase reporter gene were implanted intraperitoneally in nude mice,
and tumor engraftment was verified by bioluminescent imaging (BLI).
On day 15, treatment was started using 1or 2 cycles of 3-step anti-
HER2 225Ac-PRIT (37 kBq/cycle as 225Ac-Proteus DOTA), separated by
a 1-wk interval. Efficacy and toxicity were monitored for up to 154 d.
Results: Untreated PC-tumor–bearing nude mice showed a median
survival of 112 d. We used 2 independent measures of response to
evaluate the efficacy of 225Ac-PRIT. First, a greater proportion of the
treated mice (9/10 1-cycle and 8/10 2-cycle; total, 17/20; 85%) sur-
vived long-term compared with controls (9/27, 33%), and signifi-
cantly prolonged survival was documented (log-rank [Mantel–Cox]
P 5 0.0042). Second, using BLI, a significant difference in the inte-
grated BLI signal area to 98 d was noted between controls and trea-
ted groups (P 5 0.0354). Of a total of 8 mice from the 2-cycle
treatment group (74 kBq total) that were evaluated by necropsy, kid-
ney radiotoxicity was mild and did not manifest itself clinically (normal
serum blood urea nitrogen and creatinine). Dosimetry estimates (rel-
ative biological effectiveness–weighted dose, where relative bio-
logical effectiveness 5 5) per 37 kBq administered for tumors and
kidneys were 56.9 and 16.1Gy, respectively. One-cycle and 2-cycle

treatments were equally effective. With immunohistology, mild tubular
changes attributable to a-toxicity were observed in both therapeutic
groups. Conclusion: Treatment of EOC PC-tumor–bearing mice with
anti-HER2 225Ac-PRIT resulted in histologic cures and prolonged survival
with minimal toxicity. Targeted a-therapy using the anti-HER2 225Ac-
PRIT system is a potential treatment for otherwise incurable EOC.

Key Words: pretargeted radioimmunotherapy; 225Ac; peritoneal
carcinomatosis
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Epithelial ovarian cancer (EOC) is the most lethal ovarian can-
cer (1) and frequently presents as advanced-stage disease, such as
peritoneal carcinomatosis (PC), where disease has spread through-
out the peritoneal cavity (2). Advanced-stage disease (stage 31) is
associated with a poor prognosis and a 5-y overall survival ranging
from 18% to 46% (2). Most patients die because of extensive peri-
toneal disease burden and malignant bowel obstruction (3).
Treatment options beyond the traditional surgeries or systemic

chemotherapies, such as radiotherapy and immunotherapy in patients
with advanced EOC, have had some success. Palliative radiation to
metastatic EOC has been demonstrated to be well tolerated, with a
68% partial or complete response as defined as symptom control for
over 3mo in 1 study (4), indicative of the clinical radiosensitivity
of EOC. Still, more studies are warranted to determine the role of
radiation therapy in EOC. Similarly, there has been an explosion of
immune and targeted therapies in the past few decades, such as
those against human epidermal growth factor receptor 2, or HER2,
which has been found to be overexpressed in breast, gastroesopha-
geal, bladder, lung, colon, endometrial, ovarian, and head and neck
cancers (5). HER2 is overexpressed in 11%–68% of EOC (6,7),
though the role for HER2-directed therapy for EOC is still limited
to clinical trials at this time (8).
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Thus, there is increasing interest in the potential role of alternative,
more innovative therapies to cure EOC, such as radioimmunotherapy,
particularly in the PC setting. Radioimmunotherapy typically com-
bines a tumor-targeting monoclonal antibody with a b- or a-particle–
emitting radionuclide for molecularly targeted radiotherapy (9). To
improve the therapeutic index (or tumor–to–normal-tissue absorbed
dose ratios) of radioimmunotherapy, a pretargeted radioimmunother-
apy (PRIT) approach can be used (9–11). We have developed a
PRIT platform for treatment of human tumors that combines a non-
radioactive antitumor antigen/anti-DOTA radiohapten bispecific
antibody (BsAb) with a renally clearing radiohapten for efficient
tumor targeting (12). We previously reported cures without radio-
toxicity in nude mice bearing established flank human HER2-
expressing human breast cancer xenografts (13). Furthermore, for
treatment of PC, we established safe and curative intraperitoneal
PRIT in nude mice bearing human colorectal PC xenografts (14).
For advanced, disseminated EOC, there is a strong rationale for

radioimmunotherapy using a-emitting radionuclides such as 225Ac.
The decay cascade of 225Ac (half-life, 9.92 d) to stable 209Bi yields
4 a-particles (5.8–8.4MeV) with short ranges in tissue (47–85mm)
and thus is well suited for targeted a-therapy of PC and micro-
scopic disease (15). However, a major limitation of targeted a-therapy
with 225Ac-immunoconjugates has been off-target daughter toxicity,
most notably to the kidneys in mice (16). Thus, we have adapted
our PRIT system for targeted a-therapy with a novel 225Ac-radio-
hapten (225Ac-Proteus DOTA, or 225Ac-Pr) that clears rapidly from
the body via excretion by the kidneys into the urine, demonstrating
no acute or chronic toxicity, including nephrotoxicity, at curative
doses (17).
The primary objective of our study was to demonstrate that anti-

HER2 PRIT can be administered intraperitoneally with a sufficient
therapeutic index to safely achieve complete responses without sig-
nificant toxicity in nude mice bearing human EOC xenografts. Sec-
ond, we assayed the internalization kinetics of the BsAb-pretargeted
radiohapten and performed multicellular dosimetry calculations for
225Ac-Pr and 111In-Pr, its theranostic pair (17). We used an aggres-
sive SKOV3-luciferase (SKOV3-luc) reporter PC nude mouse model
to test the hypothesis that intraperitoneal anti-HER2 PRIT using
225Ac-Pr is effective against ovarian PC.

MATERIALS AND METHODS

Reagents and General Procedures
All experiments involving mice were performed in accordance with

Memorial Sloan Kettering Cancer Center Institutional Animal Care
and Use Committee protocol 00-03-053 for compliance with the re-
quirements of the National Institutes of Health on use of laboratory
animals. Details regarding all reagents and general procedures may
be found in the supplemental materials (available at http://jnm.
snmjournals.org). A schematic of the anti-HER2/anti-DOTA IgG-scFv
BsAb (13) and structures of the DOTA(Y)-conjugated poly-N-acetylga-
lactosamine glycodendron clearing agent (18) and 225Ac-Pr (17) are
provided in Supplemental Figure 1.

Radiolabeling of BsAb and Proteus
131I was obtained from Nordion, Inc., as 131I-NaI solution. BsAb was

radioiodinated using the Iodogen (Thermo-Fisher Scientific) method (19)
to a specific activity of 132 MBq/mg. Radiochemical purity was verified
by size-exclusion chromatography to be greater than 98%.

The 225Ac used in this research was supplied by the U.S. Depart-
ment of Energy Office of Science by the Isotope Program in the Office
of Nuclear Physics. 225Ac-Pr was synthesized to a molar activity of

approximately 50 kBq/nmol, as previously described (17). Radiochem-
istry measurements were made at secular equilibrium using a CRC-
15R radioisotope calibrator (Capintec, Inc.) set at 775; the displayed
activity values were multiplied by 5.

No-carrier-added 111In-InCl3 sterile solution was obtained from
Nuclear Diagnostic Products, Inc. 111In-radioactivity measurements
were made using the CRC-15R calibrator with the manufacturer’s
recommended settings for the radionuclide. 111In-Pr was synthesized
to a molar activity of approximately 12 MBq/nmol, as previously
described (17).

Cell Culture and Flow Cytometry Assay of HER2
Antigen Expression

SKOV3 is a HER2-positive (1) human serous EOC cell line that
expresses the estrogen receptor and is p53-null but is known to be
resistant to estrogen and antiestrogen therapy (20). The SKOV3-luc
cell line (21) was obtained from Dmitry Pankov. The human GD21/
HER2-negative neuroblastoma IMR32-luc cell line (22) was used as
a negative control during in vitro studies of 111In-Pr internalization.
Surface HER2 antigen expression was confirmed by flow cytometry
analysis, as described previously (21). Data were analyzed using
FlowJo, version 10, software and reported as geometric mean fluores-
cence intensity.

In Vitro Binding and Internalization of Tracer 131I-BsAb and
BsAb-Pretargeted 111In-Pr

The internalization kinetics of tracer 131I-BsAb after binding to
HER21 SKOV3-luc cells were determined at 37!C for up to 24 h, as
described previously (13). For kinetics analysis, data were curve-fitted
using a nonlinear model with GraphPad Prism 8.1.0. To assay the
internalization kinetics of BsAb-pretargeted 111In-Pr, a method based
on Heskamp et al. (23) was used. Control BsAb included anti-GPA33
BsAb (24) and anti-GD2 BsAb (22).

Multicellular Dosimetry and Biologic-Response Modeling
Internalization assay data for BsAb-pretargeted 111In-Pr were input

to MIRDcell, version 3 (25,26). For the purposes of MIRDcell calcula-
tions, the radii of the SKOV3 cells and nuclei were approximated
visually with microscopy, measuring 9 and 3 mm, respectively, and
the cell radius was confirmed on a Vi-CELL XR Cell Analyzer (Beck-
man Coulter). For the cell culture studies, dosimetry was conducted
for 111In-Pr and then extrapolated to 225Ac-Pr with the assumption that
the concentration of Proteus in the buffer, cellular distribution, and molar
internalization of 111In-Pr and 225Ac-Pr is equivalent during BsAb pretar-
geting. As noted previously, the molar activities were 12 MBq/nmol and
50 kBq/nmol, respectively.

Radiopharmaceutical Therapy of PC
Preliminary studies to establish an aggressive SKOV3-luc PC nude

mouse model are shown in Supplemental Figure 2. For in vivo 225Ac-
PRIT experiments, the intraperitoneal route of administration was
selected for intracavity delivery of BsAb and radiohapten to target PC,
whereas the clearing agent was injected via intravenous administra-
tion. Injection timing of reagents was relative to the injection of radio-
hapten: 250 mg (1.19 nmol) of BsAb were injected intraperitoneally in
the right lower quadrant at 228 h, followed by 25 mg (2.76 nmol) of
clearing agent via the lateral tail vein at 24 h and 225Ac-Pr intraperito-
neally in the right lower quadrant at 0 h. All reagents were formulated
for injection in sterile normal saline up to a 250-mL volume. Mice
bearing PC tumors were randomly divided into 5 groups of 8–10 on
day 14 after bioluminescent imaging (BLI) before treatment. Treat-
ment mice received 1 or 2 cycles of anti-HER2 225Ac-PRIT plus
37 kBq of 225Ac-Pr (cycle 1, 740 pmol; cycle 2, 790 pmol) at 15 and
22 d after tumor inoculation, respectively (both n 5 10). Control
groups included administration of BsAb only (n 5 9), 1 cycle of
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off-targeted PRIT (with anti-GPA33 BsAb (24) in place of anti-HER2
BsAb; n5 10), or no treatment (n 5 8). Weekly weights and PC tumor
progression by BLI were monitored. Mice in the survival arms reached
therapeutic endpoints if they had more than a 20% weight decrease
from the pretreatment baseline, developed severe abdominal distension
from palpable tumor or ascites, or appeared moribund to investigators or
to the Research Animal Resource Center staff conducting daily monitor-
ing. At 154 d after tumor inoculation (treatment initiated on day 15), a
total of 15 surviving anti-HER2 225Ac-PRIT treatment mice (n 5 7 from
1 cycle and n 5 8 from 2 cycles) and 1 untreated control mouse were
submitted for hematology, serum chemistry, and necropsy by the Labora-
tory of Comparative Pathology of Memorial Sloan Kettering Cancer
Center to evaluate treatment effects and toxicity.

Data Analysis
Quantitative data were expressed as mean 6 SD unless otherwise

noted. Statistical analyses were performed using GraphPad Prism
8.1.0. Kaplan–Meier survival curves were analyzed with the Mantel–
Cox test. Two-sided Student t tests were calculated, and a P value of
less than 0.05 was considered to be statistically significant.

RESULTS

In Vitro Binding and Internalization of BsAb and
BsAb-Pretargeted 111In-Pr
BsAb binding HER21 SKOV-luc was assayed using flow

cytometry (Supplemental Fig. 3). The mean fluorescence intensity
for anti-HER2 BsAb binding and anti-GPA33 BsAb binding to

SKOV3-luc cells was 4,736 and 133, respectively (for antibody
isotope control 100). These data confirm HER2-specific binding of
anti-HER2 BsAb and the HER21/GPA33-negative antigenic phe-
notype of SKOV-luc cells.
In vitro radiotracer binding studies were performed with HER21

SKOV3-luc cells to determine the internalization and cellular proces-
sing at 37 !C of 131I-BsAb (Supplemental Fig. 4). The mean surface-
bound 131I-BsAb at 24h, corresponding to the time interval between
injections of BsAb and CA, was 9.45% of the added activity.
During the in vitro radiohapten internalization assay with HER21

SKOV3-luc cells (data shown are n 5 9 except for 48h, which is
n 5 3; Fig. 1), anti-HER2 BsAb-pretargeted 111In-Pr rapidly local-
ized to the cell surface and was internalized at 37 !C. Control experi-
ments performed with HER2-negative IMR32-luc neuroblastoma
verified that internalization of the anti-HER2 BsAb/111In-Pr complex
is HER2-mediated (Supplemental Fig. 5). In summary, the HER2
system showed that an increased proportion of cell-associated activ-
ity was internalized in comparison to that with the GPA33 system
(e.g., at 48 h, mean 67% vs. mean 15% for HER2 vs. GPA33, respec-
tively). In the absence of BsAb, the average percentage added
111In-Pr activity that was internalized was less than 0.1% at all
time points, confirming that pretargeted BsAb was required for
111In-Pr internalization.

Multicellular Dosimetry
Using MIRDcell, the mean absorbed dose to the nucleus of the

cells cultured in the 9.6 cm2 wells was calculated. Based on the
internalization kinetics of BsAb-pretargeted 111In-Pr (Fig. 1; Sup-
plemental Fig. 6), the average percent internalized over the 48-h
period was 58% 6 27% for anti-HER2 BsAb. The in vitro dosim-
etry conducted for 111In was extrapolated to 225Ac and its daugh-
ters, assuming equivalent internalization of 225Ac-Pr, and a molar
activity of 0.05 MBq/nmol. Calculations were performed similarly
with MIRDcell and tabulated in Table 1 for various scenarios
of subcellular distribution and absence or presence of daughter con-
tributions to the absorbed dose. The calculated upper limit (i.e.,
assuming 100% internalization of 225Ac-Pr and its daughter radionu-
clides) of the absorbed dose to the nucleus was 3.28Gy. With 58%
internalization through our PRIT system, we were able to deliver
an estimated 2.08Gy, which is a dose to the nucleus 5 times
greater than that delivered to a noninternalizing system (0.42Gy).
With improvement to a 100% internalizing system, we could
potentially deliver a 7.8-times increase in absorbed dose to the
nucleus.

FIGURE 1. In vitro 111In-Pr internalization when pretargeted using anti-
HER2 or anti-GPA33 BsAb. Area under curve was determined from 5min to
48h after addition of 111In-Pr. Data shown are n 5 9 except for 48h, which
is n5 3. AUC5 area under curve.

TABLE 1
Estimated Absorbed Doses to Cultured Cells Using MIRDcell Version 3.11

Subcellular distribution Absorbed dose (Gy per 1.1 kBq/mL)

Activity in
cytoplasm

Activity on
cell surface 225Ac

225Ac plus
daughters

0.58 3 D (225Ac plus daughters in cyto)
plus 0.42 3 D (225Ac on cell surface)

0% 100% 0.42 1.58

58% 42% 0.70 2.57 2.08

100% 0% 0.90 3.28

D 5 absorbed dose.
Doses are assuming 0–100% internalization for 111In-Pr in assay and then extrapolated to 225Ac without daughters (column 3) and with

daughters (column 4). Column 5 gives absorbed dose when daughters are included for 225Ac decays in cytoplasm (58%) and daughters
are excluded for decays on cell surface (42%).
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Serial Biodistribution of Intraperitoneal Anti-HER2 225Ac-PRIT
and Dosimetry Calculations
After we administered anti-HER2 225Ac-PRIT per the protocol in

Figure 2, the radioactivity in the tumor peaked at 17.336 10.77 per-
centage injected activity (%IA)/g at 1 h after injection with rapid
washout, decreasing to 2.036 0.80 %IA/g at 24h after injection
(Fig. 3; Supplemental Table 1). The estimated absorbed dose to the
tumor and the relative biological effec-
tiveness (RBE)–weighted dose to the tumor
(where RBE is 5) were 11.4 and 56.9Gy,
respectively, per 37 kBq administered, as-
suming 58% internalization from the above
studies (Supplemental Table 2). The kidneys
had the highest radioactivity uptake of the
normal organs, 5.626 0.95 %IA/g at 1 h
after injection, which steadily decreased to
0.376 0.50 %IA/g by 120 h after injection
and corresponded to an estimated RBE-
weighted dose of 16.1Gy/37 kBq.

Therapy Studies
At pretreatment baseline, the average BLI

was highest in the HER2 225Ac-PRIT 2-cycle
group (4.51 3 105) and significantly larger
than the BLI in the no-treatment group (1.74
3 105, P 5 0.0188) (Supplemental Figs. 7

and 8). No significant differences were observed between the no-
treatment group and the other groups (range of P5 0.095–0.752).
After the start of treatment, BLI values between treatment groups

diverged significantly on area-under-the-curve analyses (Table 2).
Although BLI values continued to increase in groups treated with either
1 cycle of off-targeted (irrelevant GPA33 target) 225Ac-PRIT or no
treatment, they remained low or decreased in both 1- and 2-cycle anti-
HER2 225Ac-PRIT treatment groups. Among anti-HER2 PRIT treat-
ment groups, the BLI decrease was rapid, 47% within 7 d (P5 0.04).
By 98 d after injection, the average BLI values of the treatment
mice were significantly different from that of the off-targeted and
no-treatment control mice (P5 0.001) (Supplemental Fig. 8).
Prolonged survival was demonstrated in anti-HER2 225Ac-PRIT

groups (17/20 at 133 d) compared with the other 3 groups of con-
trol mice (10/27 at 133 d, log-rank P , 0.05) (Fig. 4). Interest-
ingly, the group treated with anti-HER2-BsAb alone did not
reach median survival, suggesting there might be some treatment
effect of the trastuzumab domains of the anti-HER2-BsAb on
SKOV3-luc xenografts in mice, as described previously (27). Fur-
thermore, this raises the possibility of synergism between anti-
HER2 225Ac-PRIT and the anti-HER2-BsAb.

Although the untreated mouse had a high PC tumor burden, there
was no histologic evidence of viable neoplasia in 15 of 15 mice in the
treatment group on day 154. Histopathologic examination of PC
lesions in a surviving no-treatment control mouse at 154 d after
injection showed a carcinoma in which most cells displayed strong
complete membrane immunoreactivity for HER2 by immunohisto-
chemistry (Supplemental Fig. 9). With 225Ac-PRIT, residual fibrotic
scars with mild chronic inflammation, suggestive of previously trea-
ted tumors, were identified on peritoneal surfaces, but no evidence
of viable carcinoma cells was observed within any organs (Supple-
mental Fig. 9). The liver of the untreated mouse displayed marked
inflammatory lesions of the bile ducts, which were likely caused by
biliary obstruction by the peritoneal tumors observed on the liver
and mesentery. The livers of treated mice had a similar but signifi-
cantly milder pattern of inflammation, suggesting that this process
was partially reversed with tumor treatment. The gross and histo-
pathologic findings are summarized in Supplemental Table 3.

Toxicity
All treatments were well tolerated. Only a single mouse in the

1-cycle anti-HER2 225Ac-PRIT treatment group required removal

FIGURE 2. Schematic representation of 3-step HER2-targeted intraperi-
toneal 225Ac-PRIT concept.

FIGURE 3. HER2-targeted intraperitoneal 225Ac-PRIT serial biodistribution data in mouse model
of human EOC PC. Shown is ex vivo biodistribution assay after administration of pretargeted
225Ac-Pr (37 kBq, 773 pmol) into groups of nude mice bearing intraperitoneal SKOV3-luc xenografts
(n5 2–4/group).
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from the study at 22 d after tumor inoculation (7 d after treatment
initiation because of sudden weight loss). No significant weight
loss was observed after treatment (Supplemental Fig. 10). On his-
topathologic examination, the only finding interpreted as organ
injury caused by the treatment was minimal to mild renal tubular
degeneration (Fig. 5; Supplemental Table 4), but this lesion did not
affect renal function based on serum blood urea nitrogen or creati-
nine (Supplemental Table 5). All hematologic parameters were
within reference limits for treated mice (Supplemental Table 6).
Observations of both acute and chronic toxicity suggest that we did
not reach the maximum tolerated dose and can consider further
dose escalation.

DISCUSSION

In this paper, we demonstrate clinical and pathologic cures with
minimal toxicities using 225Ac in the form of anti-HER2–pretargeted
225Ac-Pr. 225Ac-Pr is both efficiently targeted to the tumor and inter-
nalized via an anti-HER2/anti-DOTA BsAb as part of our 225Ac-
PRIT regimen in an aggressive in vivo murine model of HER21
SKOV3 EOC PC. Untreated mice developed rapid diffuse intraperi-
toneal spread with ascites that recapitulates aggressive, clinical peri-
toneal disease, leading to a median survival of about 4mo after
tumor inoculation in mice. When treated with 1 or 2 cycles of HER2
225Ac-PRIT (37 kBq/cycle), median survival was not reached by
154 d after tumor inoculation. Also, at the end of the study, a large

subset of clinical cures (15/20 mice in the treatment groups) was
confirmed with extensive histopathology analysis. Although there
was evidence of previous tumor growth, as demonstrated by the
fibrotic scars on peritoneal surfaces and mild multifocal hepatoportal
lymphoplasmacytic infiltration (suggestive of recovery from prior
biliary obstruction most likely secondary to prior tumor), no PC was
found, demonstrating complete tumor eradication (histopathologic
cure) in the subset.
Despite the pathologic cures in most animals, others in the

225Ac-PRIT groups showed persistent BLI. When these animals
were necropsied, viable tumors were found. These residual tumors
escaped 225Ac-PRIT partly because of the nonuniform distribution
of the 225Ac in the nodule. MIRDcell, version 3.11, 3-dimensional
calculations for spheric SKOV3 nodules with radii of 100, 200,
400, and 500mm, with an exponential radial activity distribution
(exponential factor, 0.035) and a drug penetration depth of 99mm,
yield mean absorbed doses of 41.4, 48.1, 50.7, and 51.2Gy, respec-
tively, for the average activity concentration measured in nodules of
animals given an administered activity of 37 kBq. The correspond-
ing surviving fraction of cells in the nodules was 0.0, 0.015, 0.22,
and 0.31 when 225Ac plus daughters were used as the source radia-
tion. In contrast, the surviving fraction of cells for a uniform activity
distribution was 0 in all cases. These hypothetical cases suggest that
limited penetration of anti-HER2 into the nodules could affect the
outcome for some nodules. However, it is also possible that the
nodules arose from individual cells suspended in the peritoneal cav-

ity that expressed extremely low levels of
HER2 on their cell surface. Such cells may
have insufficient 225Ac to ensure cell kill-
ing. This can be overcome by combining
multiple 225Ac-labeled agents (28).
Alternative PRIT approaches have been

evaluated in preclinical EOC models. Frost
et al. demonstrated PRIT against intra-
peritoneal ovarian NIH:OVCAR-3 micro-
tumors using avidin-conjugated monoclonal
antibody MX35 and 211At-labeled, biotiny-
lated, and succinylated poly-L-lysine (29).
Recently, Affibody (Affibody AB)-based
peptide nucleic acid-mediated PRIT with
complementary probe 177Lu-HP2 was shown
to significantly prolong survival of mice

TABLE 2
Summary of 225Ac-PRIT Therapy Results

Parameter
Long-term
survivors* nBLI AUC†

Median
survival (d)

Log-rank P
(vs. no

treatment)

Log-rank P
(vs. 1-cycle
GPA33)

Log-rank P
(vs. HER2
BsAb only)

Log-rank P
(vs. 1-cycle
HER2 only)

No treatment 2/8 18,737 112

One-cycle GPA33 2/10 3,558 105 0.9397

HER2 BsAb only 6/9 1,036 .154 0.1536 0.0923

One-cycle HER2 8/10 0.97 .154 0.0093 0.0047 0.2055

Two-cycle HER2 9/10 4.75 .154 0.0170 0.0076 0.2763 0.6717

*At 133 d after tumor inoculation.
†Supplemental Figure 8 provides normalized BLI data.
nBLI 5 normalized BLI; AUC 5 area under curve.

FIGURE 4. Kaplan–Meier survival curves.
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bearing HER21 SKOV3 cells (30,31). Although these PRIT
approaches show promise, we now show that anti-HER2 DOTA-
based PRIT is well suited for tumor targeting of 225Ac because of
the extraordinarily high affinity of the anti-DOTA antibody and
rapid whole-body clearance of 225Ac-Pr (17).
One advantageous characteristic of our anti-HER2 225Ac-PRIT

regimen is that the surface BsAb/radiohapten complex is internalized.
Our cellular dosimetry calculations demonstrated that our 225Ac-
PRIT system was able to deliver an estimated dose to the nucleus
6.1 times greater than that with a noninternalizing system. It is con-
ceivable that optimizing delivery of the radiohapten to the target (i.e.,
100% internalization) could further increase the absorbed dose deliv-
ered to the target tumor tissues by a factor of 1.6, nearly doubling the
therapeutic index. By sequestering the 225Ac decay daughters, such
as nephrotoxic 213Bi, within the tumor cells, one might also reduce
the unwanted trapping of the daughters by the kidneys or nontargeted
tissues, providing a further safety margin.
The issue of a-dosimetry is fascinating but complex. In this

paper, we have elected to focus on tumor dosimetry because it is
apparent from the work of many investigators, including Sgouros
et al. (32,33) and Liatsou et al. (34), that RBE is particularly
important in this context. Complexity comes from the need to
include the RBE for high-linear-energy-transfer a-particles, which
are generally considered to be approximately 5 times as effective
per absorbed dose as b-particles or photons. For tumors and kid-
neys, we estimated an RBE-weighted dose of 56.9 and 16.1Gy,
respectively, as described in Supplemental Table 2. Liatsou et al.
reported a slightly higher RBE of 6.4 for bone marrow toxicity
(cellularity) of anti-HER2 212Pb-IgG based on the equivalent dose
for a 2Gy/fraction treatment (34). As the biodistribution is so dif-
ferent in the context of pretargeting, we recognize that additional
experiments are needed to clarify the RBE and its dependence on
different organ systems. We refer to International Commission on
Radiation Units and Measurements Report 96, which addresses
the complex problems of a-dosimetry (32). Dosimetry of this kind
requires special handling, especially at the level of multicellular

dosimetry (35). Notably, for kidneys, we found subclinical toxic-
ity, with no detectable abnormalities in the usual parameters of
renal function (such as blood urea nitrogen or creatinine). How-
ever, mild renal histopathologic changes attributable to a-toxicity,
such as those we previously reported, were seen during the current
studies (17). In addition to b-dosimetry, a-dosimetry will be critical
as we move toward the clinic, and this will require more detailed
studies.

CONCLUSION

The anti-HER2 DOTA 225Ac-PRIT system may have potential
in patients with HER2-expressing EOC PC. Temporal decoupling
via PRIT and internalization of the radiohapten are 2 effective
strategies to deliver an effective radioactive dose to tumors while
minimizing toxicity to nontargeted tissues. Further studies to opti-
mize targeting and therapeutic index in anticipation of clinical
translation are under way.
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KEY POINTS

QUESTION: Can intraperitoneal HER2-targeted actinium
radionuclide therapy safely and effectively treat human EOC
growing as PC in a mouse model?

PERTINENT FINDINGS: 225Ac was efficiently and specifically
delivered to intraperitoneal HER2-expressing SKOV3-luc
xenografts using a HER2-DOTA bsAb-based approach in PRIT.
Objective tumor response plus efficacy in tumor eradication was
observed in small-volume tumor models with minimal or no
myelo-, hepato-, or gastrointestinal toxicities. Nephrotoxicities
attributed to a-emitters at approximately 20 wk were mild and far
from dose-limiting.

IMPLICATIONS FOR PATIENT CARE: This study identified a
new approach to treating HER2-expressing human EOC growing
as PC. With its precision and potency, it may fulfill unmet needs in
this devastating disease.
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The field of nuclear medicine and theranostics has never been
as vibrant as it is today (1–3). Over the last decade, largely
because of the approval of several new radiopharmaceuticals by
the U.S. Food and Drug Administration and the European Medi-
cines Agency for diagnosis and treatment of various types of can-
cer, a large number of startup companies have been formed
around the globe. Numerous research laboratories have devoted
significant resources and effort to the development of novel radio-
pharmaceuticals that can be translated into the clinic for cancer
patient management as well. For diagnostic purposes, the most
common radioisotopes used in the clinic are still 99mTc, 18F, 11C,
and 68Ga, although there are an increasing number of studies using
radioisotopes such as 64Cu and 89Zr. For therapeutic purposes, that
is, radioligand therapy or targeted radionuclide therapy, there are,
generally speaking, 3 types of radionuclides that can be used:
a-emitting radioisotopes (e.g., 223Ra, 225Ac, 211At, 213Bi, and 212Pb),
b-emitting radioisotopes (e.g., 131I, 177Lu, 90Y, 67Cu, and 47Sc), and
Auger-emitting radioisotopes (e.g., 123/125I, 67Ga, 99mTc, 111In, and
201Tl). This is a decade of unprecedented excitement and high
expectations for novel radiopharmaceuticals.
Some literature also refers to radioligand therapy and targeted

radionuclide therapy as a radionuclide–drug conjugate, which is
obviously based on the commercial successes of antibody–drug
conjugates. However, we argue that radionuclide–drug conjugate
is not a scientifically accurate term because the radionuclide itself
is the drug that causes cell killing, not, as the name radionuclide–
drug conjugate suggests, the antibody or other ligand.
When we compare the 3 relevant types of radionuclides, that is,

a-emitters, b-emitters, and Auger-emitters, there are advantages
and disadvantages to each choice, and the right choice may be
dependent on a variety of factors, such as the targeting ligand, the
size of the tumor, the cost, and the risk-to-benefit ratio, to name
just a few. b-emitters (e.g., 177Lu, 90Y, and 131I) have been exten-
sively used in the clinical setting (with some radiopharmaceuticals
approved or soon to be approved for clinical use); to be effective,
Auger-emitters often require precise targeting of the cancer cell
nucleus, a requirement that can be challenging to achieve in high
efficiency; a-emitters are much more effective in cell killing at a

short distance (,100mm) but may have significant toxicity if not
targeted properly to the tumor tissue. Such toxicity may be exacer-
bated by the fact that the strong recoil of an a-emission will cause
the radioisotope to detach from the chelator, and the daughter
radionuclides may accumulate substantially in other organs such
as the kidneys and potentially cause dose-limiting toxicity. This
possibility has been one of the major concerns and challenges
regarding the clinical use of 225Ac, as it has 4 a-decays. Therefore,
researchers have been investigating various strategies to reduce
the potential toxicity of 225Ac and its daughter radionuclides, such
as kidney protection, pretargeting, or the use of nanomaterials to
trap 225Ac and its daughters.
In this issue of The Journal of Nuclear Medicine, Chung et al.

reported the use of 225Ac for human epidermal growth factor
receptor-2 (HER2)–targeted treatment of small-volume ovarian peri-
toneal carcinomatosis (OPC) in a mouse model (4). The approach
adopted in this comprehensive study was pretargeted radioimmu-
notherapy (PRIT), which may need some elaboration. The 3 compo-
nents used for HER2-targeted PRIT were an anti-HER2/anti-DOTA
IgG-single-chain variable fragment (scFv) bispecific antibody
(BsAb), a clearing agent (CA; DOTA(Y)-conjugated poly-N-acetyl-
galactosamine glycodendron), and a radiohapten that is either
225Ac-Pr (“Pr” denotes Proteus-DOTA; for therapy) or 111In-Pr (for
imaging and dosimetry estimation). Pr represents the radiohapten
precursor (molecular weight $1,350Da), which consists of
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A, a radio-
metal chelator), separated by a tetraethylene glycol (PEG4) linker to
a 175Lu complex of 2-benzyl-DOTA (5).
The BsAb (molecular weight $210 kDa) was produced in Chi-

nese hamster ovary cells and purified by protein A affinity chro-
matography, as the investigators previously reported in 2018 (6).
It can bind to HER2 on the ovarian cancer cells for tumor target-
ing, as well as provide a handle for binding to the radiohapten for
imaging (with 111In) or therapy (with 225Ac). Since the BsAb cir-
culates for a long time in mice (potentially even longer in
humans), the CA (molecular weight $9 kDa) was designed, opti-
mized, and used to rapidly remove the circulating BsAb. This
occurs by forming a complex via the DOTA(Y) moiety, which
can subsequently be cleared via liver asialoglycoprotein receptor
recognition and catabolism (7). After the circulating BsAb is
cleared, the radiohapten (i.e., 225Ac-Pr) was injected, accumulated
rapidly in the tumor tissue, and caused cancer cell killing. As a
small molecule, 225Ac-Pr clears rapidly from the mouse body,
minimizing the potential toxic side effects caused by the daughter
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radionuclides of 225Ac (e.g., 221Fr, 217At, 213Bi, 213Po, and 209Bi),
which will not be inside DO3A or Pr anymore because of the
recoil of the initial a-decay.
Tremendous effort has been devoted to pretargeting over the

last several decades for imaging or therapy of cancer. Excellent
review articles are available on this topic (8,9). Generally, and for
most of the literature reports, noninternalizing antibodies were
used for pretargeting, as the antibody needs to be accessible by the
subsequently injected radiolabeled small molecule. Interestingly,
in the study of Chung et al. (4), the antibody used for HER2 (over-
expressed in a significant percentage of ovarian cancer) was an
internalizing antibody, trastuzumab. According to the experimental
findings investigating the internalization kinetics of anti-HER2
BsAb-pretargeted 111In-Pr, the average 111In internalization over
the 48-h period was about 60%, much higher than the control non-
internalizing antibody for GPA33 ($15%). It was concluded via
cellular dosimetry calculations that such a PRIT system could
deliver about a 5 times greater absorbed dose to the cell nucleus
than a noninternalizing system, desirable for better therapeutic
efficacy. Future optimization of radiohapten delivery with an even
higher percentage of internalization may further increase the
absorbed dose delivered to the tumor tissue.
It is worth pointing out that since trastuzumab is an internalizing

antibody, it was estimated that the mean surface-bound 131I-BsAb
at 24 h (which is the interval between injections of BsAb and the
CA) was less than 10% (i.e., most of the injected BsAb was not
accessible for 225Ac/111In-Pr). Since the model used in this study
is small-volume OPC, the BsAb (0.25mg/1.19 nmol, as deter-
mined by the previous study (6)) was injected intraperitoneally.
Such an injection will likely lead to faster HER2 binding and
tumor accumulation than intravenously injected BsAb. Therefore,
the 24-h interval could potentially be shortened for perhaps
a higher percentage of BsAb on the tumor cell surface for
225Ac/111In-Pr binding or a higher percentage of internalization for
the latter. That being said, whether such an intraperitoneal injec-
tion will be applicable to the clinical situation of PRIT of OPC
remains to be determined.
The CA used in this study deserves some attention. The com-

monly used CA is a 500-kDa dextran–DOTA hapten conjugate,
which can bind to the anti-DOTA(M)-scFv domain of the BsAb in
circulation, which then is removed from the blood via the reticulo-
endothelial system. Since a 500-kDa CA is too large to extravasate
efficiently, it does not bind significantly to tumor-associated
BsAb. In addition, the polydispersity of this 500-kDa CA (poor
reproducibility for compliance with current good manufacturing
practices), as well as enzymatic degradation of the CA, hampers
its potential clinical translation. Therefore, a DOTA-dendron CA
consisting of 16 terminal a-thio-N-acetylgalactosamine residues
was synthesized and systematically investigated in a recent in vivo
study (7). It was concluded that this new CA could be used
for enhanced blood clearance of BsAb, with the optimal con-
ditions being intravenous injection of a BsAb dose of 0.25mg
(1.19 nmol), use of a 24-h interval between BsAb and intravenous
injection of the CA (25mg; 2.76 nmol), and use of a 4-h interval
between injections of the CA and a 177Lu-based radiohapten. The
same dosing regimen was adopted in this work for 225Ac-based
PRIT, except that intraperitoneal (instead of intravenous) injec-
tions were used for the BsAb and 225Ac/111In-Pr. Interestingly, the
CA was still injected intravenously. It is unclear whether the

CA is still necessary in this case, as most of the 225Ac/111In-Pr
may not even enter the bloodstream. More detailed investigation
may be needed in the future, regarding timing interval, dose of
each agent, the use of CA, etc., to give the best protocol for
PRIT of OPC.
The chemical structure of 225Ac/111In-Pr may also warrant some

discussion. The C8.2.5 scFv used for DOTA binding in the BsAb
was developed more than a decade ago and exhibited notable
metal specificity (10). It has picomolar affinity for DOTA com-
plexes of lutetium and yttrium and nanomolar affinity for indium
and gallium chelates, which were shown to give very different
tumor uptake values for in vivo pretargeting when different radio-
haptens were used (5). Therefore, although the direct use of 177Lu-
DOTA-Bn worked quite well for pretargeting, tumor uptake of
225Ac-DOTA-Bn was much lower and far from satisfactory.
Hence, Pr was synthesized (5): p-SCN-Bn-DOTA was loaded with
nonradioactive 175Lu to yield a p-SCN-Bn-DOTA"175Lu complex,
which was then coupled to NH2-PEG4-DO3A to yield the Pr used
in this work (4). The 175Lu-DOTA-Bn portion of the Pr confers
picomolar affinity to the anti-DOTA C8.2.5 scFv moiety of the
BsAb, whereas the DO3A can be efficiently labeled with either
225Ac or 111In, or certain other radiometals if needed.
It was concluded that all treatments were well tolerated, whether

they were performed with 1-cycle or 2-cycle anti-HER2-PRIT (4).
More importantly, both treatments were highly effective, evi-
denced by serial bioluminescence imaging of the OPC tumor
burden, as well as statistically significant extension of survival for
the anti-HER2-PRIT groups. When analyzing statistical values of
bioluminescence imaging, one must keep in mind both that intra-
peritoneal tumor growth is highly heterogeneous and that the
bioluminescence imaging signal does not correlate linearly with
the overall tumor burden. Survival data may be a better indication
of therapeutic efficacy in this study, which was indeed quite
impressive.
We applaud the authors for performing comprehensive histo-

logic analyses and toxicity studies of the mice undergoing PRIT
(most of the data were presented in the supplemental material (4)),
which is usually done for clinical studies but rarely seen in pre-
clinical research. No significant weight loss of the mice was
observed after PRIT. On the basis of histopathology, the only find-
ing of organ injury was minimal-to-mild renal tubular degenera-
tion. However, this did not affect the renal function based on
serum blood urea nitrogen and creatinine data. Lastly, all hemato-
logic parameters were within normal limits for treated mice. All
these promising results suggested little to no acute or chronic tox-
icity for PRIT, and further dose escalation is possible if needed in
the future.
In conclusion, this study reported a promising approach to treat-

ing HER2-expressing OPC in small-animal models. Since there is
no effective treatment for this devastating disease in the clinic, this
PRIT strategy may fulfill an unmet urgent clinical need in the
future, upon further optimization and clinical translation. Since the
C8.2.5 scFv used for DOTA binding has picomolar affinity for
DOTA complexes of yttrium (10), the 86Y/90Y theranostic radio-
isotope pair should certainly be evaluated in the future; such a pair
not only would enable true cancer theranostics with the same
chemical entity (using different isotopes of the same element Y)
but also would offer better imaging characteristics via PET than
111In-based SPECT. We look forward to more exciting follow-up

PRIT OF OVARIAN CANCER WITH
225AC & Li et al. 1447



studies in the PRIT space, which holds tremendous potential for
revolutionizing cancer patient management.
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Radiolabeled fibroblast activation protein (FAP) inhibitors (FAPIs) have
shown promise as cancer diagnostic agents; however, the relatively
short tumor retention of FAPIs may limit their application in radioligand
therapy. In this paper, we report the design, synthesis, and evaluation of
a FAPI tetramer. The aim of the study was to evaluate the tumor-
targeting characteristics of radiolabeled FAPI multimers in vitro and
in vivo, thereby providing information for the design of FAP-targeted
radiopharmaceuticals based on the polyvalency principle. Methods:
FAPI tetramers were synthesized on the basis of FAPI-46 and radiola-
beled with 68Ga, 64Cu, and 177Lu. In vitro FAP-binding characteristics
were identified using a competitive cell-binding experiment. To evaluate
their pharmacokinetics, small-animal PET, SPECT, and ex vivo biodistri-
bution analyses were performed on HT-1080-FAP and U87MG tumor–-
bearing mice. In addition, the 2 tumor xenografts received radioligand
therapy with 177Lu-DOTA-4P(FAPI)4, and the antitumor efficacy of the
177Lu-FAPI tetramer was evaluated and compared with that of the
177Lu-FAPI dimer and monomer. Results: 68Ga-DOTA-4P(FAPI)4 and
177Lu-DOTA-4P(FAPI)4 were highly stable in phosphate-buffered saline
and fetal bovine serum. The FAPI tetramer exhibited high FAP-binding
affinity and specificity both in vitro and in vivo. 68Ga-, 64Cu-, and 177Lu-
labeled FAPI tetramers exhibited higher tumor uptake, longer tumor
retention, and slower clearance than FAPI dimers and FAPI-46 in HT-
1080-FAP tumors. The uptake (percentage injected dose per gram) of
177Lu-DOTA-4P(FAPI)4,

177Lu-DOTA-2P(FAPI)2, and 177Lu-FAPI-46 in
HT-1080-FAP tumors at 24h was 21.461.7, 17.163.9, and 3.460.7,
respectively. Moreover, 68Ga-DOTA-4P(FAPI)4 uptake in U87MG tumors
was approximately 2-fold the uptake of 68Ga-DOTA-2P(FAPI)2 (SUVmean,
0.7260.02 vs. 0.4260.03, P, 0.001) and more than 4-fold the uptake
of 68Ga-FAPI-46 (0.1660.01, P , 0.001). In the radioligand therapy
study, remarkable tumor suppression was observed with the 177Lu-FAPI
tetramer in both HT-1080-FAP and U87MG tumor–bearing mice.
Conclusion: The satisfactory FAP-binding affinity and specificity, as
well as the favorable in vivo pharmacokinetics of the FAPI tetramer,

make it a promising radiopharmaceutical for theranostic applications.
Improved tumor uptake and prolonged retention of the 177Lu-FAPI tetra-
mer resulted in excellent characteristics for FAPI imaging and radioli-
gand therapy.

Key Words: fibroblast activation protein; cancer-associated fibro-
blasts; tetramer; dimer; radioligand therapy
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Cancer-associated fibroblasts, which are major components of
the tumor stroma in many epithelial carcinomas, play a pivotal
role in tumor growth, tissue remodeling, and immune evasion (1).
Fibroblast activation protein (FAP), a type II transmembrane gly-
coprotein, is overexpressed in cancer-associated fibroblasts but
expressed at low levels in normal fibroblasts (2). Therefore, FAP
is considered a promising target for tumor imaging and therapy.
Several quinoline-based FAP inhibitors (FAPIs) have been devel-

oped (3–6). 68Ga-FAPI-46 appeared to be the most promising deriva-
tives in the series, providing a favorable tumor-to-background ratio
and good tumor accumulation (3,7). However, their relatively short
tumor retention may limit the use of radiolabeled FAPIs for radioli-
gand therapy (8,9). Various chemical optimization strategies for
theranostic applications, including cyclization, multimerization, and
albumin binding, reportedly improve tumor uptake and prolong
tumor retention of these radioligands (9–11).
In our previous study, a dimeric FAPI molecule, DOTA-2P(FAPI)2,

was designed and synthesized (12). Preclinical and clinical PET stud-
ies have demonstrated that 68Ga-DOTA-2P(FAPI)2 exhibits signifi-
cantly higher tumor uptake and longer retention than 68Ga-FAPI-46
(12). Similar results were obtained for other FAPI dimers, including
DOTAGA, (SA.FAPi)2, and BiOncoFAP (13,14). Therefore, polyva-
lency may be an effective strategy for developing FAP-targeted radio-
pharmaceuticals with higher tumor uptake because of their increased
FAP-recognition ability. Moreover, FAP-targeted radioligand therapy
could be more effective if further improvements in tumor retention
and absolute uptake are achieved.
In this paper, we report the design, synthesis, and preclin-

ical evaluation of a tetrameric FAPI molecule based on the
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polyvalency principle. It was constructed on the FAPI-46 motif
with 4 diethylene glycol (mini–polyethylene glycol [PEG]) spacers
between the 4 FAPI motifs, denoted as 4P(FAPI)4. This FAPI tet-
ramer was conjugated to the chelator DOTA or NOTA and labeled
with 68Ga or 64Cu for PET imaging. It was also labeled with 177Lu
for radioligand therapy applications. This study aimed to investi-
gate the tumor-targeting potential of FAPI tetramers in vitro and
in vivo and whether this form is more effective than its monomeric
and dimeric analogs.

MATERIALS AND METHODS

Chemistry and Radiolabeling
Details of the reagents, chemicals, synthesis route, radiochemistry, and

quality control of the FAPI tetramer are described in the supplemental
materials (available at http://jnm.snmjournals.org) (12). For 68Ga labeling,
approximately 25.4 nmol of FAPI-46, DOTA-2P(FAPI)2, or DOTA-
4P(FAPI)4 were dissolved in 1 mL of NaAc (0.25 M in water) and added
to 4 mL of 68GaCl3 solution (1.3 GBq in 0.05 M HCl). The mixture was
incubated at 95!C for 10 min. For 177Lu labeling, each of the aforemen-
tioned precursors was dissolved in 1 mL of NaAc (0.25 M in water) and
added to 4 mL of 177LuCl3 solution (740 MBq in 0.05 M HCl). The mix-
ture was incubated at 95!C for 30 min. To allow stable complexation of
64Cu, the DOTA group of the FAPI dimer or tetramer was replaced with
NOTA. Approximately 26.7 nmol of NOTA-2P(FAPI)2 or NOTA-
4P(FAPI)4 were diluted with 450 mL of NaAc (0.5 M) and incubated
with 50 mL of 64CuCl2 (740 MBq in 0.01 M HCl) at 90!C for 20 min.
All 3 products were purified using a C18 Plus Short Cartridge
(WAT020515; Waters Corp.). Radio–high-performance liquid chroma-
tography was used for quality control.

Cell Culture and in Vitro Evaluation
A human fibrosarcoma cell line was stably transfected with FAP (HT-

1080-FAP) and cultured, as previously described (15). A human glio-
blastoma cell line (U87MG, from the Chinese National Infrastructure of
Cell Line Resource) was cultured in Dulbecco modified Eagle medium
(Thermo Fischer Scientific) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific). HT-1080-FAP cells were seeded in 24-well
plates using RPMI 1640 medium with 10% fetal bovine serum, and the
medium was replaced with fresh medium without fetal bovine serum
when the cells reached 80%–90% density. 68Ga-FAPI-46, 68Ga-DOTA-
2P(FAPI)2,

68Ga-DOTA-4P(FAPI)4, or 68Ga-DOTA-4P(FAPI)4 with
11.3 nmol of unlabeled FAPI-46 (for the blocking experiment) were
added to the 24-well plates and incubated for 60, 90, and 120 min. For
the competitive cell-binding assay, a gradient concentration (5.6 3

10213 to 1025 M) of FAPI-46, DOTA-2P(FAPI)2, or DOTA-4P(FAPI)4
was added to the cells and incubated with 68Ga-FAPI-46 for 60 min.
Similarly, a gradient concentration (5.4 3 10213 to 1025 M) of NOTA-
2P(FAPI)2 or NOTA-4P(FAPI)4 was added to the cells and incubated
with 68Ga-FAPI-46 for 60 min. After each step, the cells were washed
twice with phosphate-buffered saline (1 mL) and lysed with 1 M NaOH
(0.5 mL). The radioactivity (counts per minute) was determined with a
g-counter (WIZARD2 2480; PerkinElmer Inc.). All experiments were
independently repeated 3 times. The 50% inhibitory concentrations were
determined by fitting a nonlinear regression model to the data using
Prism software, version 8 (GraphPad Software Inc.).

Preparation of Cell Line–Derived Xenograft Models
All animal experimental procedures were approved by the Animal

Care and Ethics Committee of Xiamen University and performed in
accordance with the Guidelines for the Care and Use of Animals of
the Xiamen University Laboratory Animal Center. For in vivo experi-
ments, 6-wk-old BALB/c nude mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were subcutaneously inoculated with

HT-1080-FAP or U87 cells (5 3 106 in 100 mL of phosphate-buffered
saline) in the right shoulder.

Small-Animal PET and SPECT Studies
Dynamic PET, static PET (with or without competition), and

SPECT scans with radiolabeled monomeric, dimeric, and tetrameric
FAPIs were performed on HT-1080-FAP tumor–bearing mice for
pharmacokinetic evaluation. Additionally, static PET with 68Ga-
labeled monomeric, dimeric, and tetrameric FAPIs was performed and
compared in U87MG tumor–bearing mice.

Approximately 7.4 MBq of 68Ga-DOTA-4P(FAPI)4 was intravenously
injected into HT-1080-FAP tumor–bearing mice (n 5 3) for the 60-min
dynamic PET. For multiple-time-point static PET (0.5, 1, 2, and 4 h after
injection), 7.4 MBq of 68Ga-FAPI-46, 68Ga-DOTA-2P(FAPI)2, or

68Ga-
DOTA-4P(FAPI)4 were injected into HT-1080-FAP and U87MG tumor–
bearing mice (3/group). For longer-term observation, HT-1080-FAP
tumor–bearing mice were intravenously injected with 7.4 MBq of 64Cu-
NOTA-2P(FAPI)2 or 64Cu-NOTA-4P(FAPI)4 (3/group). For the in vivo
blocking experiment, PET imaging was performed 1 h after the simulta-
neous administration of 30 nmol of unlabeled FAPI-46 and 7.4 MBq of
68Ga-DOTA-4P(FAPI)4.

SPECT scans were conducted from 1 to 96 h with 18.5 MBq of
177Lu-FAPI-46, 177Lu-DOTA-2P(FAPI)2, or

177Lu-DOTA-4P(FAPI)4
in HT-1080-FAP tumor–bearing mice (3/group). Details of the
machine settings, dynamic and static PET imaging procedures, static
SPECT imaging procedures, imaging acquisition, and image recon-
struction are presented in the supplemental materials.

Biodistribution Study
Three groups of HT-1080-FAP mice were injected with 0.74 MBq

of 177Lu-FAPI-46, 177Lu-DOTA-2P(FAPI)2, or
177Lu-DOTA-4P(FAPI)4

and were euthanized at different time points (24–48 h for monomers and
24–96 h for dimers and tetramers, 3/group). Blood, tumor, muscle, and
major organs were weighed and measured using a g-counter (WIZARD2

2480). Data were normalized to the percentage injected dose per gram
(%ID/g) using 1% of total counts.

FAP-Targeted Radioligand Therapy
When the tumor volume reached approximately 100 mm3, the mice

were randomized into 4 groups for radioligand therapy with 177Lu-labeled
monomeric, dimeric, and tetrameric FAPIs (6/group): group A, saline;
group B, 29.6 MBq of 177Lu-FAPI-46; group C, 29.6 MBq of 177Lu-
DOTA-2P(FAPI)2; and group D, 29.6 MBq of 177Lu-DOTA-4P(FAPI)4.
The frequency of administering 177Lu radiopharmaceuticals to U87MG
mice was based on the administration frequency used in our previous
study on hepatocellular carcinoma patient–derived xenograft tumor mod-
els, which showed a significant reduction in tumor uptake after 72 h after
injection (15). HT-1080-FAP, a FAP-transfected tumor xenograft with
much higher levels of FAP expression than U87MG, was also used in this
study. Therefore, the frequency of administration was higher in U87MG
tumor–bearing mice (every 72 h, 3 doses in total) than in the HT-1080-
FAP models (a single dose). Weight and tumor volume were monitored
every 2 d, and the mice were euthanized when the average tumor volume
exceeded 1,500 mm3, when the tumor was ulcerated, or when weight loss
was more than 20%. To further assess radioligand therapy–related toxicity
effects, the main organs were collected from the 177Lu-DOTA-4P(FAPI)4
group on day 22 after hematoxylin and eosin staining (16).

Statistics
Quantitative data are expressed as mean 6 SD. Statistical analyses

were performed using SPSS Statistics for Microsoft Windows, version
22.0 (IBM Corp.). The Student t test was used to determine differ-
ences between 2 groups, and 1-way ANOVA was used to compare dif-
ferences among multiple groups. Statistical significance was set at a
P value of less than 0.05.
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RESULTS

Synthesis and Radiolabeling
Tetrameric FAPIs containing 4 PEG3 groups and the chelator

DOTA or NOTA were synthesized (Fig. 1; Supplemental Figs. 1 and
2). 68Ga, 64Cu, and 177Lu were labeled in more than 90% yield
with radiochemical purity of more than 95%. The specific activity
was 32.0–36.4 GBq/mmol for 68Ga-labeled FAPI variants, 22.2–
24.9 GBq/mmol for 64Cu-labeled FAPI variants, and 23.3–
26.2 GBq/mmol for 177Lu-labeled FAPI variants.
Regarding in vitro stability, neither significant demetallation nor

free radioactivity was observed 4 h (68Ga-DOTA-4P[FAPI]4) or
24 h (177Lu-DOTA-4P[FAPI]4) after incubation in phosphate-
buffered saline and fetal bovine serum via radio–high-performance
liquid chromatography analysis, demonstrating the high stability
of the products (Supplemental Fig. 3).

Cell-Binding Assay
In the cell uptake and blocking experiments, 68Ga-DOTA-

4P(FAPI)4 yielded significantly higher uptake than 68Ga-DOTA-
2P(FAPI)2 and 68Ga-FAPI-46 (57.98% 6 0.27% vs. 32.40% 6

5.36% vs. 22.93% 6 0.33% at 120min). Moreover, unlabeled

FAPI-46 significantly blocked 68Ga-DOTA-4P(FAPI)4 binding to
FAP (57.98% 6 0.27% vs. 1.79% 6 0.97% at 120min, a 97%
reduction), confirming the FAP-targeting specificity of the FAPI
tetramer (Fig. 2).
All 3 FAPI molecules (monomers, dimers, and tetramers) inhib-

ited the binding of 68Ga-FAPI-46 to FAP-positive HT-1080-FAP
cells in a dose-dependent manner. The 50% inhibitory concentra-
tions for FAPI-46, DOTA-2P(FAPI)2, and DOTA-4P(FAPI)4 were
comparable (11.38, 17.04, and 15.56 nM, respectively), indicating
that tetramerization and dimerization have minimal effect on the
FAP-binding affinity (Fig. 2). Additionally, the 50% inhibitory
concentrations for NOTA-2P(FAPI)2 and NOTA-4P(FAPI)4 were
also comparable (25.18 and 16.27 nM) (Supplemental Fig. 4).

Small-Animal PET Imaging of HT-1080-FAP Tumors
To comprehensively evaluate the in vivo pharmacokinetics of

68Ga-DOTA-4P(FAPI)4, a 60-min dynamic PET scan was per-
formed on HT-1080-FAP tumor–bearing mice. As illustrated in
Figure 3A, 68Ga-DOTA-4P(FAPI)4 was rapidly taken up by the
tumor, and the uptake increased from 10 to 60min after injection.
In contrast, the radiotracer uptake rapidly declined over the same
period in the heart, kidneys, and liver. Additional late-time-point
static scans performed on tumor-bearing mice revealed that tumor
uptake remained constant up to 4 h after injection (Fig. 3B). More-
over, 68Ga-DOTA-4P(FAPI)4 was eliminated predominantly
through the kidneys and bladder, resulting in low background activ-
ity and favorable tumor-to-background ratios, especially at later
time points. Similar tumor uptake and retention were observed for
68Ga-DOTA-2P(FAPI)2 (Fig. 3C); however, a significant decrease
in tumor uptake over time was observed on 68Ga-FAPI-46 PET
(Fig. 3D).
In terms of semiquantitative analysis, no significant difference was

observed regarding tumor uptake among the 3 radiotracers at 1 h
after injection, whereas uptake of 68Ga-DOTA-4P(FAPI)4 was signif-
icantly higher than that of FAPI dimer (SUVmean, 1.9960.09 vs.
1.7160.10, P 5 0.018) and monomer (1.2060.07, P , 0.001) in
HT-1080-FAP tumors at 4 h after injection (Supplemental Fig. 5).
The difference in tumor uptake among the 3 radiotracers was more
notable in U87MG tumor–bearing mice. As illustrated in Figure 4,
the 68Ga-DOTA-4P(FAPI)4 uptake in U87MG tumors (1 h after
injection) was approximately 2-fold higher than the 68Ga-DOTA-
2P(FAPI)2 uptake (SUVmean, 0.7260.02 vs. 0.4260.03, P ,
0.001) and more than 4-fold higher than the 68Ga-FAPI-46 uptake
(0.1660.01, P , 0.001). In addition, washout of 68Ga-DOTA-
4P(FAPI)4 and

68Ga-DOTA-2P(FAPI)2 from the U87MG tumor dur-
ing the experimental time span was minimal, whereas a significantly
decreased tumor uptake of 68Ga-FAPI-46 was observed.

Target specificity was evaluated using an
in vivo blocking assay. Coinjection with an
excess of unlabeled FAPI-46 successfully
blocked tumor uptake at 1 h after injection
(SUVmean without blocking, 1.876 0.08,
vs. SUVmean with blocking, 0.1660.03;
92% reduction in tumor uptake), demon-
strating that the uptake of the major fraction
of 68Ga-DOTA-4P(FAPI)4 in tumors was
FAP-mediated (Supplemental Fig. 6).
To observe the entire process of tracer

accumulation and washout from the tumor
tissue, a radionuclide with a longer half-
life (12.7 h, 64Cu) was used to label the

FIGURE 1. Chemical structure of FAPI tetramer DOTA-4P(FAPI)4.

FIGURE 2. Cell uptake–blocking experiments and competitive cell-binding assay of FAPI-46,
DOTA-2P(FAPI)2, and DOTA-4P(FAPI)4 using HT-1080-FAP cells.
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FAPI tetramers and dimers. During multiple-time-point static PET
imaging, the uptake of 64Cu-NOTA-4P(FAPI)4 in HT-1080 FAP
tumors was higher than that of 64Cu-NOTA-2P(FAPI)2 at all
examined time points, and 64Cu-NOTA-4P(FAPI)4 washout was
slightly slower than 64Cu-NOTA-2P(FAPI)2 washout during the
experimental period (Fig. 5). Uptake of 64Cu-NOTA-4P(FAPI)4
in the kidney and liver was also higher than that of 64Cu-NOTA-
2P(FAPI)2, whereas uptake in other nontarget organs was similar
for both radiotracers. A detailed semiquantitative analysis of 64Cu-
NOTA-4P(FAPI)4 uptake in the tumor and main organs is pre-
sented in Supplemental Figure 7.

SPECT Imaging and Biodistribution of 177Lu-Labeled FAPI
Tetramer in HT-1080-FAP Tumors
Whole-body SPECT imaging and biodistribution studies were

performed to further explore the in vivo characteristics of the
177Lu-labeled FAPI tetramer. Representative SPECT images of the

FAPI tetramer, dimer, and monomer are pre-
sented in Figure 6 (3/group), and the ex vivo
biodistribution data of the 3 tracers are pre-
sented in Supplemental Figure 8 (3 per
group). Similar to the observation with 64Cu-
labeled analogs, HT-1080-FAP tumors
clearly contained 177Lu-labeled dimer and tet-
ramer at all time points examined (Fig. 6).
The uptake of 177Lu-DOTA-4P(FAPI)4 re-
ached 21.46 1.7 %ID/g 24h after injection,
with relatively slow tumor clearance (19.26
0.6 %ID/g, 18.862.1 %ID/g, and 14.86
0.9 %ID/g at 48, 72, and 96h, respectively).
The tumor uptake of 177Lu-DOTA-2P
(FAPI)2 was 17.163.9 %ID/g 24h after
injection, which was slightly lower than that
of 177Lu-DOTA-4P(FAPI)4. Tumor washout
of the FAPI dimer was faster than that of the
tetramer, with uptake values of 18.86
4.1 %ID/g, 13.862.6 %ID/g, and 13.16
0.7 %ID/g at 48, 72, and 96h, respectively.

Unsurprisingly, the tumor uptake of 177Lu-FAPI-46 was significantly
lower than that of 177Lu-DOTA-4P(FAPI)4 24h after injection
(3.460.7 %ID/g, P , 0.001). Because 177Lu-FAPI-46 was rapidly
cleared from the blood and exhibited extremely low accumulation in
the tumor 48h after injection (2.06 0.4 %ID/g), no further scans were
performed for this radiotracer.
Similar to that of 64Cu-labeled analogs, the uptake of 177Lu-DOTA-

4P(FAPI)4 in certain nontarget organs 48h after injection was signifi-
cantly higher than that of 177Lu-DOTA-2P(FAPI)2 and

177Lu-FAPI-46
(kidney: 6.660.2 %ID/g vs. 2.961.5 %ID/g and 0.460.01 %ID/g;
liver: 6.360.5 %ID/g vs. 2.660.9 %ID/g and 0.560.02 %ID/g;
and spleen: 5.16 0.7 %ID/g vs. 2.06 0.8 %ID/g and 0.26
0.04 %ID/g).

FAP-Targeted Radioligand Therapy with 177Lu-FAPI Tetramer
In HT-1080-FAP tumor–bearing mice, rapid tumor growth was

observed in groups A (control) and B (29.6 MBq of 177Lu-FAPI-
46 therapy). All tumor-bearing mice (6/6)
in group A and most mice (5/6) in group
B were euthanized by days 18 and 28,
respectively, because of excessive tumor
volumes (Figs. 7A and B). In groups C
(29.6 MBq of 177Lu-DOTA-2P[FAPI]2) and
D (29.6 MBq of 177Lu-DOTA-4P[FAPI]4),
significant inhibition of tumor growth was
observed, and most tumors started to shrink
from day 6 and remained small until days
12–14, after which tumor volumes increased
(Fig. 7B). No systemic toxicity due to radi-
oligand therapy, determined by monitoring
the body weight of the mice, was observed
in any of the 4 groups. To further evaluate
the toxic effects, hematoxylin and eosin
staining of the selected nontarget organs
was performed, which revealed no differ-
ences between the control and radioligand
therapy groups (Supplemental Fig. 9).
In U87MG tumor–bearing mice, tumors

in the control and 177Lu-FAPI-46 therapy
groups both demonstrated fast growth, and

FIGURE 3. (A) Dynamic time–activity curves of 68Ga-DOTA-4P(FAPI)4 in heart, liver, kidney, muscle,
and tumor of HT-1080-FAP tumor–bearing mice. (B–D) Representative PET images of 68Ga-DOTA-
4P(FAPI)4,

68Ga-DOTA-2P(FAPI)2, and
68Ga-FAPI-46 in HT-1080-FAP tumor–bearing mice.

FIGURE 4. (A–C) Representative PET images of 68Ga-DOTA-4P(FAPI)4 (bar, SUVmean, 0–1.2) (A),
68Ga-DOTA-2P(FAPI)2 (bar, SUVmean, 0–1.2) (B), and

68Ga-FAPI-46 (bar, SUVmean, 0–0.3 because of
low uptake) (C) in U87MG tumor–bearing mice. Arrows point toward tumor. (D) Tumor uptake of
3 radiotracers in U87MG tumors at 0.5–4h after injection.
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all mice (6/6) in the control group and half
the mice (3/6) in the 177Lu-FAPI-46 therapy
group were euthanized by day 14 because of
excessive tumor volumes. Although a better
antitumor efficacy was observed in the
177Lu-FAPI dimer group (median survival
time not reached) than in the control group
(median survival, 12 d) and the 177Lu-FAPI-
46 group (median survival, 14 d), the 177Lu-
FAPI tetramer (median survival time not
reached) yielded the greatest inhibition of
tumor growth among all 4 groups (Fig. 7). In
brief, the tumor volume in 177Lu-FAPI tetra-
mer group was significantly less than in the
FAPI dimer, FAPI-46, and control groups at
day 14 after treatment (140.28676.36 mm3

vs. 616.146198.2 mm3 vs. 1,189.166
435.26 mm3 vs. 1,830.186242.25 mm3; all
P, 0.001).

DISCUSSION

In the past 3 y, many clinical studies have
explored the potential of FAP-targeted radi-
oligand therapy with 177Lu- or 90Y-labeled
FAPIs (8,9). However, most have revealed
unsatisfactory therapeutic responses, mainly
because of fast blood clearance accompanied
by relatively short tumor retention. There-
fore, various strategies have been developed
to prolong the in vivo half-life of radiola-
beled FAPIs to improve tumor uptake and
retention.

An important strategy to enhance tumor
uptake and retention is to harness the polyva-
lency effect of multimerization, which has
been used in the development of arginylgly-
cylaspartic acid peptides to improve their
pharmacokinetics (17). Recently, we applied
the multivalency concept to develop a
dimeric FAPI molecule, DOTA-2P(FAPI)2
(12), which demonstrated enhanced tumor
uptake and retention properties for dimers
compared with monomers in patient-derived
xenografts and patients with cancer. On the
basis of those results, we synthesized tetra-
meric FAPI molecules with 4 repeating
FAPI-46 units connected by 4 mini-PEG
spacers. We hypothesized that multimeriza-
tion to tetrameric FAPIs would further
improve their tumor accumulation and reten-
tion because of adequate contact with the
FAP-binding pocket located in the extracellu-
lar segment of cancer-associated fibroblasts.
The high labeling yield, radiochemical

purity, and stability of the FAPI tetramer
indicate that it is a convenient precursor
for radiolabeling and application. Subse-
quently, radioligand-binding assays were
used to examine the FAP-binding affinity
of FAPI tetramers, dimers, and monomers.

FIGURE 5. Representative PET imaging of 64Cu-NOTA-4P(FAPI)4 and 64Cu-NOTA-2P(FAPI)2 in
HT-1080-FAP tumor–bearing mice. Arrows point toward tumor.

FIGURE 6. Representative SPECT images of 177Lu-DOTA-4P(FAPI)4,
177Lu-DOTA-2P(FAPI)2, and

177Lu-FAPI-46 in HT-1080-FAP tumor–bearing mice. Arrows point toward tumor.
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However, comparable 50% inhibitory concentrations were observed
for all 3 FAPI variants. Multimeric FAPI molecules are not necessar-
ily multivalent. The key to bivalency and tetravalency is the distance
between the binding motifs. In this study, a FAP-binding affinity of
the FAPI tetramer and dimer comparable to that of FAPI-46 indicates
that the distance between binding motifs in DOTA-4P(FAPI)4 and
DOTA-2P(FAPI)2 may not be sufficiently long for them to achieve
tetravalency or bivalency. In addition, the bivalency and tetravalency
of multimeric FAPI molecules also depend on FAP density. If FAP
density is low, the distance between neighboring FAP sites will be
long, and it may be more difficult for multiple multimers to simulta-
neously bind to FAP binding sites.
The tetramer 68Ga-DOTA-4P(FAPI)4 exhibited prominent uptake in

the FAP-transfected tumor xenograft HT-1080-FAP, and its excretion
route was primarily through the kidneys. However, it exhibited a simi-
lar initial tumor uptake and slightly longer tumor retention than those
of 68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46, as may be explained
by the intense FAP expression in this special tumor xenograft. In
another tumor xenograft, U87MG, the tumor uptake of 68Ga-DOTA-
4P(FAPI)4 was significantly higher than that of 68Ga-DOTA-
2P(FAPI)2 and

68Ga-FAPI-46. In the blocking study, the tumor uptake
of 68Ga-DOTA-4P(FAPI)4 decreased significantly when the mice
were injected with unlabeled FAPI-46 1h after injection, suggesting
that the high tumor uptake of 68Ga-DOTA-4P(FAPI)4 was primarily a
factor of its excellent FAP-targeting ability in vivo.
However, the relatively short half-life of 68Ga limits the observa-

tion time of tumor retention. Therefore, the FAPI tetramer and dimer
were labeled with 64Cu to further evaluate their in vivo characteristics.
The tetramer 64Cu-NOTA-4P(FAPI)4 exhibited a slightly higher ini-
tial tumor uptake and longer retention than 64Cu-NOTA-2P(FAPI)2.
Compared with the molecular size of the FAPI monomer and dimer,
the larger size of the FAPI tetramer may explain its longer circulation
time and slower tumor washout. In contrast, as the greater number of

FAP binding sites on FAPI tetramers will increase the local concen-
tration of other FAPI motifs in the vicinity of FAP sites, the locally
increased FAPI concentration may explain the higher tumor uptake of
radiolabeled FAPI tetramers and dimers than of their monomeric ana-
logs (18). The higher liver uptake of 64Cu-labeled radiopharmaceuti-
cals may be attributed to the dissociation of free copper ions from the
radiopharmaceuticals in vivo (19,20), which was also observed in pre-
vious studies. The liver uptake of 64Cu-NOTA–arginylglycylaspartic
acid–bombesin was relatively lower than that of other 64Cu-DOTA
radiotracers but higher than that of 68Ga-NOTA–arginylglycylaspartic
acid–bombesin, possibly because of the higher chelating ability of
NOTA with 68Ga than of NOTA with 64Cu (21). However, other fac-
tors, such as radiotracer stability and metabolism, can also contribute
to the increased liver uptake. Increased liver uptake of a 64Cu-NOTA
agent was also reported in PEG2-RM26 studies, partly because of
the transchelation of 64Cu21 to the serum components or superoxide
dismutase that can accumulate in the liver tissue (22). Further studies
are needed to fully elucidate the mechanisms underlying the liver
uptake of 64Cu-labeled radiotracers.
Compared with FAPI dimers and monomers, the FAPI tetramer

exhibited significantly higher uptake in certain nontarget organs, espe-
cially the kidney and liver, as reflected by PET and SPECT imaging
and biodistribution studies. The relatively high uptake of the FAPI tet-
ramer by the kidneys may be explained by different mechanisms.
First, we speculate that the increased renal uptake of the FAPI tetra-
mer may be partially related to the 4 mini-PEG spacers. PEGylation
is a strategy widely used to improve the in vivo pharmacokinetics of
radiotracers, induce hydrophilicity, and increase kidney uptake (23).
Additionally, the difference in charge between the 3 FAPI molecules
may cause differences in tubular reabsorption, as reported in previous
studies (24). Because of the presence of more guanidine groups, tetra-
meric FAPI is more positively charged than dimeric and monomeric
FAPI. The larger molecular size of the FAPI tetramer could cause a
longer circulation time and greater retention in the liver. The fact that
the background of 68Ga-labeled FAPI tetramer was higher than that
of the dimer and monomer may have had unfavorable effects on diag-
nostic application. However, the FAPI tetramer applied in our study
was designed to improve tumor uptake and retention so as to enhance
the antitumor efficacy of FAP-targeted radioligand therapy. Further-
more, FAPI monomers, such as FAPI-04 and FAPI-46, are excellent
PET imaging agents for detecting FAP-positive lesions because of
their favorable pharmacokinetics and high binding specificity to FAP.
The increased tumor uptake and prolonged tumor retention of

DOTA-4P(FAPI)4 encouraged us to apply it in FAP-targeted radioli-
gand therapy. As expected, a single dose of 177Lu-DOTA-4P(FAPI)4
demonstrated excellent antitumor ability in HT-1080-FAP tumor–
bearing mice, whereas the tumors continued to grow in the control and
177Lu-FAPI-46 therapy groups. However, because HT-1080-FAP is a
FAP-transfected tumor xenograft with extremely high FAP expression,
both 177Lu-DOTA-4P(FAPI)4 and 177Lu-DOTA-2P(FAPI)2 rapidly
eradicated the tumors, with no observed difference between them.
Therefore, another tumor xenograft, U87MG, was used to evaluate the
antitumor ability of 177Lu-DOTA-4P(FAPI)4. This human glioblas-
toma cell–derived xenograft adequately recruits mouse fibroblasts dur-
ing tumor growth and has been reported as a FAP-positive tumor
model (25). Impressively, 177Lu-DOTA-4P(FAPI)4 demonstrated sig-
nificantly better antitumor efficacy than did 177Lu-DOTA-2P(FAPI)2
and 177Lu-FAPI-46, indicating potential for the use of radiolabeled
FAPI tetramers as theranostic agents.
However, the multimerization strategy may be a double-edged

sword in the development of radiopharmaceuticals. In addition to
improved tumor uptake and retention, it results in higher radiotracer

FIGURE 7. Radioligand therapy with 177Lu-DOTA-4P(FAPI)4,
177Lu-DOTA-

2P(FAPI)2, and
177Lu-FAPI-46 in HT-1080-FAP and U87MG tumor–bearing

mice. (A) Tumor growth curves and weight changes after treatment in HT-
1080-FAP tumors (6/group). (B) Tumor growth curves and weight changes
after treatment in U87MG tumors (6/group).
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uptake in normal organs, particularly the kidneys and liver. The
increased accumulation of radioactivity in normal organs may
result in the delivery of unnecessary radiation doses, which may
affect the future clinical translation of these molecules into viable
treatments. Whether the positive effects of increased tumor uptake
offset the potential side effects of increased liver and kidney uptake
is unclear. Increased liver and kidney uptake may be undesirable;
however, it may be an acceptable trade-off if the benefits of
increased tumor uptake are significant. In tumors with high expres-
sion of FAP, such as HT-1080-FAP, radioligand therapy with a
FAPI dimer may lead to similar antitumor efficacy but fewer side
effects than for a FAPI tetramer. However, 68Ga PET imaging and
177Lu-radioligand therapy in U87MG tumor–bearing mice revealed
that the tetramer itself acts as a double titer of the dimer, thereby
improving its antitumor efficacy. Therefore, radioligand therapy
with a FAPI tetramer may be more appropriate than that with a
FAPI dimer in tumors with moderate or mild expression of FAP.
The selection of the dimer or tetramer ultimately depends on the
specific circumstances of the treatment objectives and the potential
benefits and risks associated with each option. Therefore, appropri-
ate modifications by changing the linker or chelator are needed to
improve the pharmacokinetics of FAPI-based radiopharmaceuticals
(25), especially to improve their FAP-targeting capabilities and
reduce radiotracer accumulation in noncancerous organs.

CONCLUSION

The radiolabeled FAPI tetramer exhibited higher accumulation
and longer retention in the tumor than did its dimeric and mono-
meric counterparts. The improved pharmacologic properties of
177Lu-DOTA-4P(FAPI)4 resulted in excellent antitumor ability in
HT-1080-FAP and U87MG tumor–bearing mice. The information
obtained here may guide the future development of FAP-targeted
imaging and radioligand therapy.
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KEY POINTS

QUESTION: Compared with FAPI monomers and dimers, do FAPI
tetramers demonstrate enhanced tumor uptake, prolonged tumor
retention, and an improved radioligand therapeutic ability?

PERTINENT FINDINGS: FAPI tetrameric radiopharmaceuticals
exhibited significantly increased tumor uptake and retention compared
with their monomeric and dimeric counterparts. The 177Lu-FAPI
tetramer demonstrated remarkable inhibition of tumor growth in both
HT-1080-FAP and U87MG tumors, with negligible side effects.

IMPLICATIONS FOR PATIENT CARE: The formation of FAPI
tetramers via multimerization is a promising strategy in the
development of FAP-targeted radiopharmaceuticals.
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Specific Uptake in the Bone Marrow Causes High Absorbed
Red Marrow Doses During [177Lu]Lu-DOTATATE Treatment
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Bone marrow suppression is a common side effect after [177Lu]Lu-
DOTATATE treatment of neuroendocrine neoplasms. Neuroendocrine
neoplasms share expression of somatostatin receptor type 2 with
CD34-positive hematopoietic progenitor cells, potentially leading to
active uptake in the radiosensitive red marrow region where these
cells are located. This study aimed to identify and quantify specific red
marrow uptake using SPECT/CT images collected after the first treat-
ment cycle.Methods:Seventeen patients diagnosed with neuroendo-
crine neoplasms were treated with [177Lu]Lu-DOTATATE. Seven of
them had confirmed bone metastases. After the first treatment cycle,
each patient went through 4 SPECT/CT imaging sessions 4, 24, 48,
and 168h after administration. Monte Carlo–based reconstructions
were used to quantify activity concentrations in tumors and multiple
skeletal sites presumed to house red marrow: the T9–L5 vertebrae
and the ilium portion of the hip bones. The activity concentration from
the descending aorta was used as input in a compartment model
intended to establish a pure red marrow biodistribution by separating
the nonspecific blood-based contribution from the specific activity
concentration in red marrow. The biodistributions from the compart-
ment model were used to perform red marrow dosimetry at each skel-
etal site. Results: Increased uptake of [177Lu]Lu-DOTATATE was
observed in the T9–L5 vertebrae and hip bones in all 17 patients com-
pared with activity concentrations in the aorta. The mean specific red
marrow uptake was 49% (range, 0%–93%) higher than the nonspeci-
fic uptake. The median (6SD) total absorbed dose to the red marrow
was 0.05660.023Gy/GBq and 0.0436 0.022Gy/GBq for the mean
of all vertebrae and hip bones, respectively. The patients with bone
metastases had an absorbed dose of 0.0856 0.046Gy/GBq and
0.06960.033Gy/GBq for the vertebrae and hip bones, respectively.
The red marrow elimination phase was statistically slower in patients
with fast tumor elimination, which is in line with transferrin transport of
177Lu back to the red marrow. Conclusion: Our results suggest that
specific red marrow uptake of [177Lu]Lu-DOTATATE is in line with
observations of somatostatin receptor type 2–expressing hematopoi-
etic progenitor cells within the bone marrow. Blood-based dosimetry
methods fail to account for the prolonged elimination of specific
uptake and underestimate the absorbed dose to red marrow.

KeyWords: dosimetry; redmarrow; 177Lu; SPECT; DOTATATE
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The effects on the bone marrow of treating neuroendocrine
neoplasms with 177Lu-labeled DOTA0-Tyr3-octreotate ([177Lu]Lu-
DOTATATE) are usually mild and transient, but up to 10%–15%
of patients develop grade 3 or 4 hematologic toxicities that can be
long-lasting and hamper subsequent therapies (1–3). Treatment
effects on the red marrow are measured indirectly through blood
sampling, but neither blood-based nor image-based dosimetry is
routinely performed for the bone marrow.
Red marrow dosimetry is less straightforward than dosimetry for

the kidneys, the other main dose-limiting risk organ, and suffers from
limited accuracy, as the red marrow is heterogeneously distributed
throughout cavities in trabecular bone (4). Furthermore, the compara-
tively low activity concentrations in the spongy bone require suffi-
ciently long acquisition times for SPECT imaging. Red marrow is
found throughout the skeleton; the largest quantities in adults are
observed in the hip bones and lumbar and thoracic vertebrae (5). The
size of the bone cavities in these skeletal regions and their location in
the SPECT images make them suitable for image-based dosimetry.
Compared with blood-based dosimetry, image-based methods can
estimate the activity concentration from a section of spongy bone.
However, similar to the blood-based approach, the specific activity
distribution within the spongy bone, a region consisting mainly of tra-
becular bone, red marrow, marrow adipocytes (yellow marrow), and
blood vessels, has to be assumed (6). Nevertheless, several image-
based studies have demonstrated dose–response correlations, both for
[177Lu]Lu-DOTATATE and for 90Y DOTA-D-Phe1-Tyr3-octreotide
([90Y]Y-DOTATOC), but these correlations are still too weak to be
useful predictors of toxicity (7–9).
With blood-based red marrow dosimetry, the biodistribution of

[177Lu]Lu-DOTATATE in red marrow is assumed to be similar to
the biodistribution in blood. In a large prospective study by Garske
et al., blood-based red marrow dosimetry resulted in low individ-
ual absorbed doses (population mean, 0.016Gy/Bq), with no cor-
relation to red marrow toxicity (10). However, Oomen et al.
identified somatostatin receptor subtype 2 expression in CD34-
positive immature progenitor cells from the red marrow, which
may partly explain the higher absorbed doses obtained with
image-based dosimetry (Table 1) (11).
The objective of this study was to investigate whether any speci-

fic red marrow uptake can be quantified in sequential SPECT/CT
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images after [177Lu]Lu-DOTATATE treatments. A compartment
model was applied to the image-based activity concentrations to
remove the blood component based on data from the descending
aorta, tumors, and the red marrow compartments in the lumbar and
thoracic vertebrae and the ilium part of the hip bones (hereafter
referred to as the hip bones). Data from the compartment model
were then used to determine biodistributions for the tumors and red
marrow compartments and to estimate the contribution of red mar-
row uptake to the absorbed dose to red marrow.

MATERIALS AND METHODS

Seventeen patients diagnosed with neuroendocrine neoplasms were
treated with [177Lu]Lu-DOTATATE (Lutathera; AAA) according to
the recommendation of 4 cycles of 7.4 GBq/cycle. The median patient
age was 77 y (range, 58–88 y), and 7 patients were confirmed to have
bone metastases on pretherapeutic [68Ga]Ga-DOTATATE PET/CT.
This retrospective clinical study was approved by the Swedish Ethics
Review Board (diarienummer 2020-05092), and the requirement to
obtain informed consent was waived.

Image Acquisition
Four SPECT/CT images were acquired after the first treatment cycle at

4.1 6 1.1 h, 18.8 6 2.4 h, 53.0 6 21.8 h, and 169.6 6 10.6 h (mean 6
SD) after injection. Two Tandem Discovery 670 Pro SPECT/CT cameras
(GE Healthcare) with medium-energy general-purpose collimators were
used to collect 120 (60 3 2) projections (30 s per projection) with the
energy window set at 208.4 keV 6 10% and 2 scattering windows contig-
uous with the emission window, above and below, with widths set to 5%
of the photopeak. SPECT images were reconstructed using the Monte Car-
lo–based ordered-subset expectation maximization (OSEM) Sahlgrenska
Academy reconstruction code to obtain attenuation, scatter, and collima-
tor–detector response corrections (12). The Monte Carlo OSEM recon-
struction parameters were set to 6 iterations and 10 subsets, and
backprojection was performed with a point-spread beam for reduced noise.

Image Analysis
Multiple volumes of interest (VOIs) were manually drawn on the

SPECT/CT images for each time point using an in-house–developed
image platform (12). First, the spongy bone component of 2 anatomic
regions presumed to house significant quantities of red marrow was
delineated: the T9–L5 thoracic and lumbar vertebrae and the hip bones
(Fig. 1). The other main constituents in these regions were assumed to

be yellow marrow, trabecular bone, and blood vessels (6). The VOIs
within the vertebrae were delineated with a centrally placed 4-mL
sphere unless metastases were present, in which case they were delin-
eated manually. The VOIs within the left and right hip bones were
manually delineated. A VOI within the descending thoracic aorta was
delineated to represent a blood compartment similar to the method
commonly applied in PET imaging to determine activity concentra-
tions in the blood (13). To represent tissues with both specific and
nonspecific activity uptake, VOIs within tumor tissue and subcutane-
ous adipose tissue were delineated. Extracted voxel values from the
VOIs were translated to activity concentrations using camera- and
reconstruction-specific calibration factors derived through phantom
measurements, consistent with established methods (14).

Compartment Model for Nonspecific and Specific Binding in
Red Marrow

A pharmacokinetic compartment model was used to evaluate the
nonspecific and specific activity distributions and retention in the red
marrow regions. The blood activity concentration was determined
from the descending aorta (Eq. 1). The blood activity concentration
was assumed to be in equilibrium with the nonspecific activity concen-
tration in the bone marrow cavity. The nonspecific activity concentra-
tion supplied the specific uptake in the red marrow compartments of
the T9–L5 vertebrae or hip bones. The blood activity concentration
was fitted to a biexponential function using trust-region–based non-
linear curve fitting in MATLAB (MathWorks):

CbloodðtÞ5A1e
2l1 t 1A2e

2l2t, Eq. 1

where Cblood is the blood activity concentration; A1, A2, l1, and l2
are the fit parameters; and t is the time after injection.

The specific activity concentration uptake and release rate in red
marrow were determined by the compartment model in Equation 2:

dCspecificðtÞ
dt

5 k1 " f " CbloodðtÞ2 k2 " CspecificðtÞ, Eq. 2

where Cspecific is the specific activity concentration, k1 and k2 are
rate constants, and f is the fraction constant that adjusts the blood
concentration to the nonspecific binding concentration obtained for
the plasma volume distribution within the red marrow. The differ-
ential equation was solved numerically with a grid search to mini-
mize the root mean square error between the determined activity
concentration from the red marrow compartment in the SPECT
images and the sum of the specific and nonspecific binding activity
concentrations. Effective half-lives for the specific uptake in red
marrow and tumors were estimated using an exponential fit to the
later time points (.48 h) of the specific activity concentration.

Red Marrow Dosimetry
The male and female skeletal dosimetry models from the University of

Florida were used to estimate the absorbed dose to the red marrow for the
vertebrae and hip bones (15,16). For the red marrow compartments, with
the blood contribution removed, all activity was assumed to be located
explicitly in the red marrow. To fit the skeletal dosimetry model in Table 2,
red marrow activity concentrations were scaled with the corresponding red
marrow volume fraction and red marrow volume to produce the time-
integrated activity of the specific uptake of skeletal site x (Eq. 3). The cel-
lularity in Table 2 is also tied to the skeletal dosimetry model and is the
fraction of red marrow at a particular skeletal site that is hematopoietically
active (red), which differs from the red marrow volume fraction, which
also considers the amount of trabecular bone.

TIAspecific
RM, x 5

X
t

Cspecific, xðtÞ
fRM, x

VRM, x, Eq. 3

TABLE 1
Studies Showing Mean Absorbed Dose (Gy/GBq) to Red

Marrow Using Image-Based Dosimetry Methods

Study Patients (n) Red marrow SD

Santoro (36) 9 0.043 0.019

Marin (37) 47 0.028 0.010

Del Prete (8) 34 0.038 0.024

Hagmarker (7) 24* 0.051 0.015

Huizing (34) 10 0.087 0.030

Kim (38) 20 0.065 0.061

Vergnaud (39) 13 0.040 0.030

Kamaldeep (40) 60 0.040 0.020

*Without bone metastases.
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where fRM,x is the red marrow volume fraction, VRM,x is the red mar-
row volume, and TIAspecific

RM, x is the time-integrated activity of the speci-
fic uptake. The contribution from blood-based irradiation (i.e., the
nonspecific uptake) was accounted for by assuming equivalence be-
tween the activity concentration in the blood and red marrow and was
scaled in a similar manner at the respective skeletal site. The absorbed
dose to the red marrow was estimated using S values (Table 2) for a
particular skeletal site from our previous study and the sum of specific
and nonspecific time-integrated activity (Eq. 4) (17).

DRM,x5 ðTIAspecific
RM;x 1TIAnonspecific

blood;x Þ SxðRM RMÞ, Eq. 4

where DRM,xis absorbed dose to the red marrow. A blood-based
approach with the activity concentration in blood equal to that in the
red marrow, as suggested by the European Association of Nuclear
Medicine guidelines, was performed to estimate the average red mar-
row absorbed dose to the whole body by scaling the nonspecific activ-
ity concentration from the aorta with the total amount of red marrow
(Table 2) and using the skeletal averaged S values (Eq. 5) (18):

Dblood-based
RM 5 Sskeletal averageðRM RMÞ

X
t

CbloodðtÞ
fRM

VRM: Eq. 5

RESULTS

Compartment modeling demonstrated an initial specific uptake
and slow release phase of [177Lu]Lu-DOTATATE for all patients

and skeletal sites studied. One patient
(patient 5) had metastases in all vertebrae
and the hip bones and was removed from
all calculated averages in this study.
Figure 2 shows the results for a 70-y-old

woman (patient 1) with liver metastases.
Figure 2A shows differences in uptake
between the 9 delineated vertebrae as well
as the left and right hip bones, which were
averaged (Fig. 2B) for all vertebrae and both
hip bones, respectively, before use in the
compartment model. Figure 2B highlights
the characteristic contrasting biodistributions
of the skeletal sites compared with the aorta
and subcutaneous adipose tissue, showing lon-
ger elimination times for the red marrow in the
vertebrae and hip bones. The total self-
absorbed dose to the red marrow was estimated

to be 0.093Gy/GBq in the vertebrae (Fig. 2C) and 0.085Gy/GBq in the
hip bones (Fig. 2D). The contribution to the total self-absorbed dose
from the specific uptake in the red marrow in the vertebrae and hip
bones was 89% and 93%, respectively, and that from the nonspecific
uptake in the blood compartments was 11% and 7%. As a result of
the small volume of the bone cavity and subsequent statistical insuffi-
ciencies in the VOI, data collected for the sternum were not evaluated.

Overall Biodistributions in Patients With and
Without Metastases
In the 10 patients without confirmed bone metastases, the activity

concentrations in the delineated T and L vertebrae and hip bones
showed a rapid initial distribution phase similar to that of the des-
cending thoracic aorta compartment, followed by late elimination
(Fig. 3A). After the initial rapid distribution, all skeletal sites had
activity concentrations that were higher than the activity concentra-
tion in the blood. In contrast, the low uptake in adipose tissue had
similar biodistributions to blood. The 7 patients with confirmed bone
metastases had higher activity concentrations in the skeletal sites
than the patients without bone metastases (Fig. 3B). Biodistributions
for each patient are provided in Supplemental Figures 1–17 (supple-
mental materials are available at http://jnm.snmjournals.org).

The Mean Specific and Nonspecific Uptake of
[177Lu]Lu-DOTATATE
The mean biodistributions obtained from the compartment

model (Fig. 4) followed the trends observed in the SPECT images

FIGURE 1. SPECT/CT images from patient 14 show delineated VOIs (green contours). (A) Sagittal
view of delineated T9–L5 vertebrae and sternum. (B) Orientation and position of each image slice in
coronal plane. (C) Transverse slice of descending aorta and sternum. (D) Hypogastric and iliac
regions and delineations of L5 vertebrae, left and right hip bones, and subcutaneous adipose tissue.

TABLE 2
177Lu S Values and Volumes and Volume Fractions of Red Marrow from University of Florida Male/Female Hybrid Phantom

at Skeletal Sites Used for Absorbed Dose Calculations in This Study

Skeletal site

S (RM  RM) (mGy/MBq/s) Red marrow volume (cm3) Red marrow volume fraction
ICRP 70

cellularity (%)Male Female Male Female Male Female

T vertebrae 1.05E204 1.35E204 147.2 112.5 0.63 0.62 70

L vertebrae 1.05E204 1.08E204 146.9 141.0 0.63 0.61 70

T/L vertebrae 5.25E205 6.00E205 294.0 253.5 0.63 0.62 70

Hip bones 3.85E205 5.26E205 299.7 225.5 0.43 0.46 48

Skeletal average 1.07E205 1.40E205 1170 904 0.52 0.47 —

ICRP 5 International Commission on Radiological Protection.
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with retention in the red marrow compartments. The retention at a
particular skeletal site is connected to the amount of red marrow,
showing higher activity concentrations in the delineated vertebrae
than in the hip bones. Specific and nonspecific biodistributions for
each patient are presented in Supplemental Figures 1–17.
To visually compare the biodistributions from specific uptake in

the vertebrae, hip bones, and tumors for the 10 patients without
bone metastases, activity concentrations were divided by their
respective maxima (Fig. 5A). The mean effective half-life of the
elimination phase was estimated to 94, 85, and 83 h for the verte-
brae, hip bones, and tumors, respectively. The correlation of the
difference between the elimination phases for tumor and red mar-
row and the elimination phase for tumor (Fig. 5B) was statistically
significant (P 5 0.0015). Individual biodistributions for the tumors
are presented in Supplemental Figures 18–20.

Absorbed Dose
Patient-specific absorbed dose was esti-

mated for all 17 patients (Table 3). Using the
T9–L5 vertebrae and combining the contribu-
tions from the specific and nonspecific
uptake, the median (6SD) absorbed dose to
the red marrow was 0.05660.023Gy/GBq
and 0.08560.046Gy/GBq for patients with-
out and with bone metastases, respectively.
For the hip bones, the corresponding red
marrow absorbed doses were 0.0436
0.022Gy/GBq and 0.06960.033Gy/GBq.
The mean contribution to the total absorbed
dose by specific uptake to the red marrow
was 59% and 65% for the vertebrae and 62%
and 69% for the hip bones in patients without
and with bone metastases, respectively.
Patient 5, who had bone metastases in all ver-
tebrae and hip bones, had an estimated red
marrow absorbed dose of 0.52Gy/GBq and
0.27Gy/GBq in the vertebrae and hip bones,
respectively. The blood-based methods pro-
duced median absorbed red marrow doses
of 0.0136 0.006Gy/GBq and 0.0176
0.008Gy/GBq in patients without and with
bone metastases, respectively, 4.1 and 3.0
times lower than the median estimates in the
vertebrae and hip bones (Fig. 6). Differences
between the dosimetry methods and skeletal
sites are visualized in Figure 6.

DISCUSSION

In this study, the biodistribution of [177Lu]Lu-DOTATATE in
red marrow cavities was investigated using SPECT/CT images.
According to Oomen et al., somatostatin receptor type 2 is explic-
itly expressed by CD34-positive red marrow cells, most frequently
on the CD117-positive fraction of CD34-positive cells. This sub-
group comprises less than 1% of bone marrow cells and is found
among pluripotent hematopoietic stem and progenitor cells
(11,19). In line with this, we present evidence of specific uptake of
[177Lu]Lu-DOTATATE in the red marrow regions of the T9–L5
vertebrae and hip bones in 17 patients, highlighting discrepancies
between image-based and blood-based dosimetry methods. Blood-
based methods fail to account for the specific red marrow uptake
and, therefore, produce inadequate estimates of the absorbed dose
to red marrow (2). In general, hematopoietic CD34-positive cells
are associated with high proliferation capabilities, as well as cell
differentiation, and are particularly important in hematopoiesis
(20). When the duration of hematologic toxicities was studied in
203 patients after [177Lu]Lu-DOTATATE radiotherapy, a mean of
12mo (range, 2–22mo) was needed for blood count recovery,
indicating the sensitivity and importance of the red marrow cells
expressing somatostatin receptor type 2 (1).

Dosimetry: Specific Uptake
Although uptake was visible in the red marrow compartments

on the SPECT images (Figs. 2A, 2B, and 3; Supplemental Figs.
1–17), we attempted to quantify the distribution and retention in
the red marrow by applying a compartment model to the activity
concentrations from the aorta and vertebrae/hip bones. We chose a
dosimetry approach using the S values from a previous publication

FIGURE 2. Biodistributions of 70-y-old woman (patient 1) with liver metastases. Activity concentra-
tions from delineated red marrow regions in SPECT images are shown before (A) and after (B) aver-
aging. B also presents biodistributions for aorta and adipose tissue regions. C and D show results
from compartment model, which is based on data shown in B, separating specific and nonspecific
uptake for mean of T9–L5 vertebrae (C) and mean of left and right hip bones (D).

FIGURE 3. Mean values for biodistributions at 4 time points in T9–L5
vertebrae, hip bones, aorta, and adipose compartments from SPECT
images of 10 patients without bone metastases (A) and 6 patients with
confirmed bone metastases (patient 5 was removed) (B).
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and assumed that the uptake in the red marrow compartments pro-
vided by the compartment model was located exclusively in the
red marrow. This leads to a higher absorbed dose to red marrow
than does assuming evenly distributed uptake in the spongy bone
but appears reasonable because our results show longer elimina-
tion times in the red marrow compartments than in the control
compartments in all patients. To calculate the absorbed dose to red
marrow in the vertebrae or hip bones, it is necessary to scale the
activity concentrations with the corresponding reference red mar-
row volume fraction and volume. This represents a considerable
assumption, as multiple studies have reported large interpatient
variations in red marrow mass, particularly considering the thera-
peutic background of this patient group (21–23). However, red
marrow volume can be estimated by MRI- or CT-based methods
before therapy and would conceivably be a significant step for-
ward in patient-specific red marrow dosimetry because the red
marrow volume, at least hypothetically, should be connected to
the observed red marrow response (24–26). For patients without
bone metastases, our methods generated absorbed doses to the red
marrow that are in agreement with previous reports (Table 1). The
lower absorbed doses observed for the hip bones are a conse-
quence of the slightly lower uptake (Figs. 2A, 2B, and 3; Supple-
mental Figs. 1–17), which in turn is due to the lower cellularity
and larger volume of the hip bone cavities. Although the total
extent of the bone metastases in these patients is unknown, a 2018
study of 677 patients with neuroendocrine neoplasms concluded
that the vertebrae are the skeletal site most frequently associated
with bone metastases, followed by the pelvic region (27). This can
perhaps be observed through the smaller regression line slope for
the hip bone than of the vertebrae in patients with bone metastases

(Fig. 6), suggesting that the hip bone is
more appropriate for red marrow dosimetry
in patients with bone metastases.

Dosimetry: Nonspecific Uptake
The blood-based contribution to the irra-

diation of red marrow was estimated by
assuming an equivalence between the dis-
tribution of blood vessels and red marrow
in the bone cavities, a premise that is par-
tially supported by studies using healthy-
bone-marrow biopsies that demonstrated
that both CD34-positive cells and blood
vessels in the spongy bone are distributed
along negative spatial gradients from the
trabecular bone outward (4,28). This

enabled us to use the same S values for the blood-based irradiation
and reduced the likelihood of underestimating that fraction of the
absorbed dose. However, according to our results, the use of a
solely blood-based approach should be avoided because it would,
on average, lead to a 70% underestimation of the total absorbed
red marrow dose due to differences between the biodistributions
of the blood and red marrow. The generated median absorbed
doses were close to the 0.016Gy/GBq reported for the mainly
blood-based dosimetry in 200 patients (29).

Imaging
Quantitative SPECT imaging of the red marrow is challenging

because of the low activity concentrations in the cavities, limited
spatial resolution, and photon spill-in from neighboring regions
(30). These difficulties can be partially addressed with Monte
Carlo–based SPECT reconstructions (31). The result is a recon-
structed image more accurately corrected for scattered photons.
Increasing the number of iterations (updates) used in SPECT
OSEM reconstructions will generally reduce image blur but
increase image noise. Even if the Monte Carlo OSEM reconstruc-
tions performed in this study had an improved resolution and noise
profile compared with conventional OSEM reconstructions, the
presence of noise contributes to the variability of the imaged
uptake in the vertebrae, making quantification in separate vertebrae
challenging. Consequently, we used the mean activity concentra-
tion in the vertebrae and hip bones to obtain robust results. Image-
based determination of activity concentrations in the aorta using
PET rather than blood sampling has been proven accurate (13).
The approach has been extended to SPECT imaging, particularly
for measuring myocardial blood flow, and the method was deemed
reasonable to use in our study (32,33).

Limitations
Of the 17 patients included, 7 had confirmed bone metastases,

making the absorbed dose estimates for some of these patients
unreliable because the tumor uptake gives higher absorbed doses to
the red marrow compartment and poses further questions about the
health of the red marrow and the accuracy of the delineation of nor-
mal tissue. However, the inclusion of multiple skeletal sites, such
as the hip bones or proximal humerus, in the absorbed dose esti-
mates is a viable option for reasonable red marrow dose estimates,
as patients with significant bone involvement in the vertebrae do
not necessarily maintain increased uptake in the hip bones (34).
Two patients (patients 3 and 7) had tumors in the lungs, which
were observed through an uncharacteristic late elimination in the
thoracic aorta possibly due to photon spill-in from these tumors.

FIGURE 4. Mean compartment model biodistributions for aorta, T9–L5 vertebrae, and hip bones in
all patients without (A) and with (B) bone metastases.

FIGURE 5. Mean relative biodistributions of vertebrae, hip bones, and
tumors for 10 patients without bone metastases (A) and difference
between effective half-life of 177Lu in red marrow sites and tumor vs. effec-
tive half-life of 177Lu in tumors (B).
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This is an effect of the limited resolution in our SPECT images and
resulted in higher nonspecific absorbed dose contributions.
The uptake phase in tumor tissue and red marrow compartments

was similar (Fig. 5A), suggesting that direct binding to somatostatin
receptors is the main explanation for the observed specific uptake.
However, a statistically significant slower elimination phase was
observed for the red marrow activity in patients having tumors with
a fast elimination phase than in those having tumors with slow elim-
ination (Fig. 5B). This may indicate that transferrin, a highly effec-
tive iron transporter that can bind many metallic ions, is involved
in bringing to the red marrow the TATE-free 177Lu released by
the tumors. In vitro studies have also demonstrated direct metal
ion transchelation from the DOTA chelator to the transferrin

transporting site (35). Such transchelation might also occur for, for
example, 177Lu-PSMA ligands, with a resulting increase in red mar-
row irradiation; however, further studies are needed.

CONCLUSION

Using biodistributions from sequential SPECT images and mul-
tiple skeletal sites, we observed specific uptake in the studied red
marrow compartments through late elimination, which we attribute
to the presence of somatostatin receptor type 2 on CD34-positive
hematopoietic stem cells in the red marrow. A compartment model
was used to separate the blood-based and specific uptake contribu-
tions to the absorbed red marrow dose, implying that a purely
blood-based dosimetry method systematically underestimates the
absorbed dose with an amplitude highly patient-dependent. Fur-
thermore, red marrow dosimetry at multiple skeletal sites is plausi-
ble and can be valuable for improved absorbed dose estimates in
patients with bone metastases.
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TABLE 3
Absorbed Dose to Red Marrow Estimated Using Image-Based Activity Concentrations in T9–L5 Vertebrae, Hip Bones,

and Thoracic Aorta

Patient no.
Bone

metastases

Vertebrae Hip bones
Blood-based

(skeletal average)Specific Nonspecific Total Specific Nonspecific Total

1 No 0.068 0.026 0.093 0.066 0.019 0.085 0.015

2 No 0.025 0.019 0.044 0.016 0.014 0.030 0.011

3 Yes 0.016 0.018 0.033 0.028 0.013 0.042 0.012

4 No 0.022 0.014 0.036 0.014 0.011 0.025 0.010

5* Yes 0.496 0.028 0.524 0.251 0.022 0.273 0.019

6 No 0.018 0.016 0.034 0.022 0.012 0.034 0.011

7 No 0.020 0.023 0.042 0.012 0.017 0.028 0.017

8 No 0.029 0.021 0.050 0.039 0.015 0.054 0.012

9 No 0.038 0.024 0.062 0.028 0.017 0.045 0.013

10 No 0.047 0.023 0.070 0.024 0.017 0.040 0.013

11 Yes 0.065 0.041 0.106 0.049 0.030 0.079 0.023

12 Yes 0.052 0.025 0.077 0.040 0.018 0.058 0.014

13 No 0.052 0.041 0.093 0.030 0.030 0.059 0.023

14 Yes 0.056 0.037 0.093 0.069 0.027 0.096 0.021

15 Yes 0.114 0.042 0.157 0.084 0.032 0.116 0.029

16 Yes 0.026 0.013 0.039 0.020 0.010 0.030 0.009

17 No 0.043 0.043 0.086 0.052 0.033 0.085 0.029

*Removed from all averages because of large number of bone metastases.
Data are Gy/GBq. For vertebrae and hip bones, absorbed dose contributions were divided into specific (somatostatin receptor type

2–based) and nonspecific (blood-based, Eq. 4). Equation 5 was used for solely blood-based dosimetry in right column.

FIGURE 6. Total absorbed dose to red marrow (Gy/GBq) estimated for
vertebrae compared with hip bones and blood-based methodology for
10 patients without bone metastases (A) and 7 patients with bone metas-
tases (B).
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KEY POINTS

QUESTION: Can somatostatin-related uptake in the red marrow be
observed consistently in SPECT images after [177Lu]Lu-DOTATATE
treatment?

PERTINENT FINDINGS: Specific uptake in the red marrow
was observed in all 17 patients and skeletal sites, leading to
an underestimation of the absorbed dose when using purely
blood-based dosimetry methods.

IMPLICATIONS FOR PATIENT CARE: Our findings support
the statement that blood-based red marrow dosimetry should
be avoided for somatostatin receptor type 2 radioligands and
that more accurate patient dosimetry can be obtained with
SPECT-based methodology to determine the specific and
nonspecific red marrow contribution to the mean absorbed dose.
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Single-Time-Point Imaging for Dosimetry After
[177Lu]Lu-DOTATATE: Accuracy of Existing Methods
and Novel Data-Driven Models for Reducing Sensitivity
to Time-Point Selection
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Estimation of the time-integrated activity (TIA) for dosimetry from
imaging at a single time point (STP) facilitates the clinical translation of
dosimetry-guided radiopharmaceutical therapy. However, the accu-
racy of the STP methods for TIA estimation varies on the basis of
time-point selection. We constructed patient data–driven regression
models to reduce the sensitivity to time-point selection and to com-
pare these newmodels with commonly used STPmethods.Methods:
SPECT/CT performed at time period (TP) 1 (3–5h), TP2 (days 1–2),
TP3 (days 3–5), and TP4 (days 6–8) after cycle 1 of [177Lu]Lu-DOTA-
TATE therapy involved 27 patients with 100 segmented tumors and
54 kidneys. Influenced by the previous physics-based STP models of
Madsen et al. and H€anscheid et al., we constructed an STP prediction
expression, TIA 5 A(t) 3 g(t), in a SPECT data–driven way (model 1),
in which A(t) is the observed activity at imaging time t, and the curve,
g(t), is estimated with a nonparametric generalized additive model by
minimizing the normalized mean square error relative to the TIA
derived from 4-time-point SPECT (reference TIA). Furthermore, we fit
a generalized additive model that incorporates baseline biomarkers as
auxiliary data in addition to the single activity measurement (model 2).
Leave-one-out cross validation was performed to evaluate STP mod-
els using mean absolute error (MAE) and mean square error between
the predicted and reference TIA. Results: At days 3–5, all evaluated
STP methods performed very well, with an MAE of less than 7%
(between-patient SD of ,10%) for both kidneys and tumors. At other
TPs, the Madsen method and data-driven models 1 and 2 performed
reasonably well (MAEs , 17% for kidneys and , 32% for tumors),
whereas the error with the H€anscheid method was substantially
higher. The proof of concept of adding baseline biomarkers to the pre-
diction model was demonstrated and showed a moderate enhance-
ment at TP1, especially for estimating kidney TIA (MAE 6 SD from
15.6% 6 1.3% to 11.8% 6 1.0%). Evaluations on 500 virtual patients
using clinically relevant time–activity simulations showed a similar per-
formance. Conclusion: The performance of the Madsen method and
proposed data-driven models is less sensitive to TP selection than is
the H€anscheid method. At the earliest TP, which is the most practical,
the model incorporating baseline biomarkers outperforms other meth-
ods that rely only on the single activity measurement.

Key Words: theranostics; dosimetry; single time point; 177Lu; DOTA-
TATE; peptide receptor radiotherapy

J Nucl Med 2023; 64:1463–1470
DOI: 10.2967/jnumed.122.265338

For neuroendocrine tumors, [177Lu]Lu-DOTATATE peptide
receptor radionuclide therapy (PRRT) is typically administered
over the course of 4 cycles at 7.4 GBq/cycle (1). In addition to the
therapeutic b-particles, 177Lu emits imageable g-rays, which pro-
vide a unique opportunity to perform imaging-based dosimetry
after each cycle to plan subsequent cycles. Despite this potential,
fixed-activity protocols without any dosimetry-guided adjustments
remain the standard of care in [177Lu]Lu-DOTATATE PRRT and
some other radiopharmaceutical therapies.
Dosimetry-guided treatment planning is rarely used in routine

radiopharmaceutical therapy clinical practice, lagging external-
beam radiotherapy, for which substantial time and resources are
used to generate individualized plans. In radiopharmaceutical ther-
apy, pharmacokinetics can vary considerably between patients;
hence, multiple-time-point imaging is desirable to determine the
time-integrated activity (TIA) for dosimetry. Imaging typically
takes place over a few days to 1 wk, depending on the effective
half-life (Teff) of the agent, requiring multiple return visits that can
be burdensome and costly. Furthermore, SPECT data acquisition
is relatively time-consuming, especially if multiple bed positions
are necessary. With the goal of simplifying dosimetry, Madsen et al.
(2) and H€anscheid et al. (3) derived equations for estimating TIA
from an activity measurement performed at a single time point
(STP). Their methods are based on the principle that the TIA can be
computed exactly from a single activity measurement, A(t), at time t,
assuming monoexponential clearance, as TIA5AðtÞ3Teff 32t=Teff =
lnð2Þ. Because the Teff is typically unknown for a new patient, the
method of H€anscheid et al. (3) assumes that t=Teff #1, simplifying
to the closed form, TIA5AðtÞ32t=lnð2Þ. This approximation pre-
sumes that the imaging time point is near the unknown Teff. The
method of Madsen et al. (2) does not require an assumption about
the time point but instead requires prior knowledge of the population
average Teff, Teff,p, which is then used directly in the equation
TIA5AðtÞ3Teff ;p32

t
Teff ;p=lnð2Þ. A challenge with STP estimation

of TIA is the selection of the optimal timing of the measurement,
which varies depending on the pharmacokinetics associated with
each therapy and tissue type. For [177Lu]Lu-DOTATATE therapy,
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previous studies (3–5) reported the optimal sampling time to be
about 3 d for kidneys and 4–5 d for tumors because of the longer Teff
associated with the latter. However, in practice, imaging close to that
time may not always be feasible because of patient and clinic sched-
ules. Earlier imaging, ideally on the same day as therapy, is most
suitable when considering patient convenience and clinic logistics.
Our study is motivated by the value of STP methods that are

less sensitive to time-point selection. Having access to retrospec-
tive multiple-time-point SPECT/CT imaging data after [177Lu]Lu-
DOTATATE PRRT in a cohort of 27 patients (54 kidneys, 100
tumors), we had a goal of constructing and evaluating data-driven
regression models for estimating TIA from a single activity mea-
surement. We also strove to develop a model incorporating addi-
tional clinically relevant baseline data ([68Ga]Ga-DOTATATE
PET SUV and laboratory biomarkers; Fig. 1). Such imaging and
nonimaging biomarkers have been investigated as predictive and
prognostic factors in 177Lu therapies (6,7), but to our knowledge,
they have not been investigated in the context of reduced-time-
point imaging. Using the TIA calculated from multiple-time-point
SPECT/CT as the reference standard, we evaluated the perfor-
mance of our proposed regression models and compared this per-
formance with that of previous STP methods.

MATERIALS AND METHODS

Data-Driven STP Model Derivation (Model 1)
If we assume biexponential behavior for the kinetics of the radio-

pharmaceutical in the tissue of interest, the activity at time t, A(t), can
be expressed as

AðtÞ5A0e
2k1 t2A0e

2k2 t, Eq. 1

where A0 is the scale parameter, k1 is the effective decay rate, and
k2 is the effective absorption rate. Then the TIA is

TIA5A03
1
k1
2

1
k2

& %
5AðtÞ3 1=k121=k2

e2k1t2e2k2 t
: Eq. 2

Inspired by the STP models discussed previously, we proposed a
group of prediction models with a more generalized functional form:

TIA5AðtÞ3 gðtÞ, Eq. 3

where gðtÞ is a function of measurement time, t. Therefore, the
H€anscheid and Madsen methods are both special cases under this
framework, with gHänscheidðtÞ52t=lnð2Þ and gMadsenðtÞ5Teff ;p3
2t=Teff;p=lnð2Þ. Rather than these parametric functions, we used a

nonparametric generalized additive model (GAM) (8) to estimate the
optimal gðtÞ in a data-driven manner, minimizing the normalized
mean square error (MSE) between the predicted TIA and the refer-
ence TIA, which we consider to be the integral of the time–activity
curve from multiple-time-point imaging. We used normalized least
squares as our objective function rather than ordinary least squares to
avoid overweighting the few patients with very high TIA values.

The GAM is able to fit nonlinear trends with multiple basis functions.
It is entirely data-driven, without any model assumption such as expo-
nential kinetics. Our proposed model is thus a nonparametric smooth
curve, which gives a consistent prediction at any time by directly mini-
mizing the prediction error. The prediction is fitted with a local estima-
tion in a data-driven way, which means the prediction for an individual
is based on other patients with activities measured at similar times.

STP Model Extension: Incorporating Auxiliary Data (Model 2)
We then fit another data-driven model (model 2) that, in addition to

the single activity measurement, can incorporate auxiliary data to
potentially improve TIA prediction (Fig. 1). For simplicity and inter-
pretability, we extend the GAM used in model 1 as

TIA5AðtÞ3 gðtÞ1
Xp

j5 1
gjðXjÞ

n o
, Eq. 4

where Xj (j 5 1, 2,… p) are the candidate variables and gj are the
smooth curves measuring their effects. Candidate variables were
selected a priori as biomarkers that are commonly available and
have the potential to enhance STP prediction, based on biologic
principles or previous reports.

Patient Data
Data were obtained from a cohort of patients with progressive, histolo-

gically proven neuroendocrine tumors treated clinically with fixed-activity
[177Lu]Lu-DOTATATE between August 2018 and December 2021.
These patients volunteered for research SPECT/CT imaging at 4 time
points after the first cycle as part of an ongoing dosimetry study. Internal
review board approval and informed consent were obtained for the retro-
spective analysis described in this paper. The SPECT/CT time–activity
data generation was described previously (9) and is summarized below.
Kidney and Tumor Segmentation. Kidneys were segmented using

deep-learning–based autosegmentation (9) on the CT images of the 68Ga
PET/CT and the 177Lu SPECT/CT and subsequently verified by a radiol-
ogist. Up to 5 index lesions greater than 2 cm3 in volume were manually
segmented by a radiologist on diagnostic-quality baseline CT or MRI
and then transferred to the coregistered PET/CT and SPECT/CT images.
Fine manual adjustment of the contour location was performed, as
needed, if misregistration was evident.

Posttherapy 177Lu Time–Activity Data.
177Lu SPECT/CT imaging was performed at
4 time periods (TPs) on a Siemens Intevo sys-
tem at day 0 (3–5h) for TP1, days 1–2 (23–
51h) for TP2, days 3–5 (72–126h) for TP3,
and days 6–8 (144–193h) for TP4, with timing
relative to the start of the [177Lu]Lu-DOTA-
TATE infusion. (Note that TP1 is within
30min after the completion of amino acid infu-
sion.) Using the manufacturer’s recommended
settings, we performed a 25-min acquisition
and xSPECT Quant reconstruction (Siemens
Healthineers; images in activity units, Bq/mL)
(10) as described previously.

Once contours were transferred to the ref-
erence SPECT images, a contour intensity–
based SPECT–SPECT alignment procedure
was used to coregister the sequential scans.

FIGURE 1. Proposed data-driven models use either single activity measurement or single activity
measurement plus biomarkers to predict TIA. Reference TIA is calculated using multiple-time-point
177Lu SPECT/CT imaging. HU5 Hounsfield units.
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In this process, the contours were directly propagated to other time
points, and the time–activity data were extracted. Finally, activities
were corrected for partial-volume effects by applying volume-
dependent recovery coefficients determined from a 177Lu phantom
experiment (9).
Baseline Auxiliary Data for Data-Driven Model 2. For model 2,

in addition to the above time–activity data, we further considered patient
baseline information (Supplemental Table 1; supplemental materials are
available at http://jnm.snmjournals.org). We considered PET SUVmean

because we hypothesized that additional information on PET uptake,
if different from the uptake measurements from 177Lu SPECT, may
enhance the model performance. We also considered the number of pre-
vious systemic treatments as well as tumor volume as these factors may
cause direct changes to tumor biology and microenvironment, potentially
impacting the uptake. We considered estimated glomerular filtration rate
(eGFR), as [177Lu]Lu-DOTATATE undergoes physiologic renal clear-
ance and cortical uptake, and eGFR has been shown to be predictive of
dosimetry (11). We included chromogranin A levels because this is a
tumor marker secreted by neuroendocrine tumors and may serve as a sur-
rogate for tumor burden (12); likewise, alkaline phosphatase is a marker
of liver function and osseous metastatic disease burden and has been
shown to be a prognostic marker of progression-free survival (13). These
variables could provide additional information on tumor uptake and
kinetics, thus potentially improving the model performance for tumors
directly and kidneys through a possible sink effect. The nonimaging bio-
markers were obtained from patient medical records and correspond to
the last laboratory tests performed before the first cycle of PRRT.

SUV metrics were obtained from [68Ga]Ga-DOTATATE (NetSpot;
Novartis) PET/CT performed between 1 and 15mo (median, 3mo)
before [177Lu]Lu-DOTATATE PRRT. The SUVmean was corrected for
partial-volume effects by applying volume-dependent recovery coeffi-
cients determined from a 68Ga phantom experiment.

Generation of Virtual Patient Time–Activity Data for
Simulation Studies

Because clinical data were available only for a relatively small sam-
ple size, we generated additional time–activity data for 500 kidneys and
500 tumors by simulation using a bootstrapping approach (14). The
measured time–activity data described above were used in the boot-
strapping process, in which patient i’s measurement time and activity
values are given by (tim, Ai(tim)) at the mth time point (i 5 1, 2,… n;
m 5 1, 2, 3, or 4). To produce virtual time–activity data, biexponential
time–activity curves were assumed, and the least-square estimates of para-
metersðA0i, k1i,k2iÞ were calculated from clinical data as the true value
for every observed patient i. We can then define the sets as follows:
QA5fA0ig, Q15fk1ig, Q25fk2ig, and T5ftim j i51, 2, . . . ,n;
m51, 2, 3, 4g. For each simulated patient j, the measurement value at
time s is AðsÞ5 A0je2k1js2A0je2k2js, where
(s, A0j, k1j, k2j) are sampled from ðT ,QA ,

Q1,Q2Þ. We introduce measurement noise to
generate the final simulation data: fðsj, ~AðsjÞÞ,
j51, 2, . . .Bg, ~AðsjÞ5AðsjÞ1«j,«j $ Nð0,
r2A2ðsjÞÞ, where r is the relative error in the
SPECT activity measurement. We set r to 5%
and 10% on the basis of previous reports for
state-of-the-art 177Lu SPECT (10). Virtual data
were not used with data-driven model 2 because
it requires patient-specific clinical biomarkers.

Model Performance Comparison and
Statistical Analysis

We compared the performance of our data-
driven models with that from the previous
monoexponential STP models of H€anscheid

et al. and Madsen et al. For the Madsen model’s Teff,p, we used the
median values for the lesions and tumors from our current cohort. For
the patient data, because the ground truth is unknown, we considered
the reference TIA to be the integral of a 3-parameter biexponential fit
to the 4-time-point SPECT/CT activity measurements. For the simula-
tion, the reference TIA was the integral of the true simulated time–ac-
tivity curve. Then the MSE and mean absolute error (MAE) in TIA
were calculated as

MSE5 n21
Xn

i5 1
ðTIA%

i =TIAi21Þ2 Eq. 5

MAE5 n21
Xn

i5 1
j TIA%

i =TIAi21 j, Eq. 6

where n is the sample size, TIA%
i is the predicted TIA, and TIAi is

the reference TIA of the kidney or tumor i.
To estimate how models 1 and 2 would perform in future patients,

the MSE and MAE were calculated by leave-one-out cross validation
(LOOCV): for each patient, the TIAs of the tumors and kidneys were
predicted using only the STP measurement, and the models were
trained using only the other patients’ 4-time-point data. Because of
our relatively small sample size when incorporating biomarkers into
model 2, we used univariable analysis rather than multivariable model
selection, which may cause overfitting. Separately for tumors and kid-
neys, we performed univariable analysis to select the biomarker with
the best LOOCV performance. All model fitting was performed using
R version 4.1.2.

RESULTS

Four-time-point SPECT/CT imaging and baseline biomarkers
were available for 27 patients (100 tumors, 54 kidneys). Patient
characteristics and biomarkers are summarized in Supplemental
Table 1.

Multiple-Time-Point Time–Activity Data and Fits
Figure 2 shows example time–activity data used to construct the

data-driven models and the corresponding biexponential fits used
to derive the reference TIA. The Teff, corresponding to the slowest
component of the biexponential fit, had a median (6SD) value
of 89.56 35.5 h (range, 47.9–249.1 h) for tumors, 51.76 13.4 h
(range, 41.6–108.2 h) for left kidneys, 50.36 14.4 h (range, 40.7–
113.6 h) for right kidneys, and 51.26 13.7 h (range, 40.7–113.6 h)
for kidneys (Supplemental Fig. 1). These results agree well with
reported values from other groups for similar cohorts (3,15–17),
and the median values were used as Teff,p for the Madsen method
in the current study. Only 2 of 54 kidneys had a Teff greater than
80 h and corresponded to the patient with the lowest eGFR in our
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FIGURE 2. Example time–activity data and biexponential fits shown for select tumor, 1 tumor from
each patient (A), and all left kidneys, corresponding to 27 patients (B). Curves are normalized to 4h
after therapy.
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cohort (Supplemental Table 1). Only 4 of 100 tumors (from 2
patients) had unusually high Teff (.150 h); however, in these
cases, the investigation of clinical factors did not identify the rea-
sons for the observed kinetics.

Prediction Model Analysis: Patient Data
Model 1. We found that the estimated curve from the GAM for

model 1 (consisting of multiple basis functions) could be accurately
reproduced by a simpler cubic function (Supplemental Fig. 2). To
facilitate future implementation, we used the simpler cubic curve;
explicit formulas are presented in Table 1.
In Figure 3, TIA/A(t) is plotted as a function of time, with the

function g(t) corresponding to the methods of H€anscheid, Madsen,
and model 1. The function fits the data best in TP3 for kidneys and
TP3 and TP4 for tumors. At other TPs, although g(t) corresponding
to the Madsen method and model 1 fits the data reasonably well,
this is not the case for the H€anscheid method. The GAM method
makes the tradeoff between smoothness and accuracy of its predic-
tion curve and possesses the desirable statistical property of being a
consistent estimator.
Model 2. The LOOCV results when each of the biomarkers

was included as auxiliary data in model 2 were compared with
LOOCV results for model 1, for which auxiliary data were not
used (Supplemental Table 2). On the basis of LOOCV, at TP1, the
tumor volume was selected as a predictor of tumor TIA, and
eGFR was selected as a predictor of kidney TIA over other bio-
markers. At the other TPs, none of the considered biomarkers led
to model enhancement. Using the same GAM method for estimat-
ing the potentially nonlinear effect of biomarkers, we selected a
piecewise linear function of tumor volume for the tumor and linear

functions of eGFR for kidneys (Table 1). Unlike at the other TPs,
time is not a significant predictor at TP1 and thus does not appear
in the corresponding prediction model. We presume this is due to
the narrow range of time points included in TP1 (3–5 h).

STP Model Performance Comparison: Patient Results
Table 2 compares the performance of the different STP methods

for TIA estimation. SDs are also shown to measure the patient var-
iability. At TP3, all 4 methods performed very well for both
tumors and kidneys: all had an MAE of less than 7% (SD ,

10%), and more than 93% of tumors and kidneys had an absolute
error of less than 20%. For tumors, all methods performed very
well at TP4, with an MAE of less than 9%. At other TPs, the
MAE for the H€anscheid method was substantially higher, whereas
the Madsen method and data-driven methods performed reason-
ably well for both kidneys (MAE , 17%, SD , 20%) and tumors
(MAE , 31%, SD , 32%). Adding auxiliary data (eGFR for kid-
neys and volume for tumors) to our data-driven model enhanced
the performance at TP1 to achieve an MAE of less than 12% for
kidneys and less than 27% for tumors.
The density plots of the prediction error (Fig. 4) also demon-

strated comparable performance at optimal TPs (TP3 and TP4 for
tumors and TP3 for kidneys) for all methods. For the remaining
nonoptimal TPs, the H€anscheid method resulted in substantial
underestimation of the TIA, whereas the prediction error with the
Madsen method and our data-driven methods was more centered
at zero. At TP1 for tumors and kidneys, model 2 showed a modest
improvement over the Madsen method and model 1.
In addition to the relative errors shown in these figures and

tables, a plot of predicted TIA from LOOCV versus reference TIA
is included in Supplemental Figure 3.

STP Model Performance Comparison:
Simulation Results
Supplemental Tables 3 and 4 and Supple-

mental Figure 4 show the results of testing
on the simulated time–activity data. The
results were consistent with the patient
results: all 3 methods showed comparable
performance at the optimal TPs (TP3 for
kidneys and TP3 and TP4 for tumors), with
an MAE of less than 12% for tumors and
kidneys. At all other TPs, the H€anscheid
method substantially underestimated the
TIA, whereas the Madsen method and
model 1 showed reasonable performance

TABLE 1
Prediction Equations for Data-Driven Models

Model Equation

Tumor (model 1, TP1–TP4) TIA 5 A(t) 3 (151.1 – 0.861 3 t 1 0.02982 3 t2 – 7.862310–5 3 t3)

Kidney (model 1, TP1–TP4) TIA 5 A(t) 3 (84.5610.3454 3 t 1 0.0168 3 t2)

Tumor (model 2, TP1) TIA 5 A(t) 3 [287.5 – 55 3 log(volume)] when volume # 12mL

TIA 5 A(t) 3 [167.5 – 7 3 log(volume)] when volume . 12mL

Kidney (model 2, TP1) TIA 5 A(t) 3 (154 – 0.818 3 eGFR)

No biomarkers were selected as significant predictors at TP2–TP4, so model 2 is presented for only TP1.
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FIGURE 3. Estimated g(t) curves with patient data as function of time for different STP methods for
individual tumors (A) and kidneys (B).
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(MAE , 20% for kidneys and , 31% for tumors). Note that model
2 was not evaluated with simulation, given its reliance on patient
biomarkers.

DISCUSSION

Taking advantage of existing multiple-time-point SPECT/CT
data after [177Lu]Lu-DOTATATE PRRT for a cohort of patients,
we tested the performance of TIA estimation with STP imaging,
developing novel, data-driven methods. We demonstrated, for the
first time, to our knowledge, the proof of concept of incorporating
other standard clinical factors and biomarkers beyond the single

activity measurement alone to potentially enhance the STP model
performance. The prediction equations (Table 1) are valid for sim-
ilar patients imaged after [177Lu]Lu-DOTATATE PRRT and gen-
eralizable for different acquisition or processing protocols as long
as the TIA/A(t) ratio remains constant across the time points. For
example, if on a different system the activity is always overesti-
mated by 10% compared with our values because of a different
calibration procedure, the TIA will also be overestimated by 10%
and our prediction model remains valid.
Our results show that the optimal TP for the single measurement

is in the range of 72–126h after administration, an interval during
which all methods evaluated performed very well, with an MAE

TABLE 2
Performance of STP Models for TIA Estimation in Patient Data

Sample Parameter TP H€anscheid method Madsen method Model 1 Model 2

Tumor MSE TP1 0.885 0.126 0.124 0.102

TP2 0.248 0.063 0.062 0.071

TP3 0.009 0.010 0.009 0.010

TP4 0.011 0.010 0.011 0.012

MAE TP1 94.1% (0.2%) 31.1% (1.7%) 30.5% (2.4%) 27.1% (1.7%)

TP2 47.3% (1.6%) 19.4% (1.6%) 19.5% (1.6%) 21.5% (1.6%)

TP3 6.6% (0.7%) 6.5% (0.7%) 6.4% (0.8%) 7.1% (0.7%)

TP4 8.4% (0.6%) 8.0% (0.6%) 8.0% (0.7%) 8.5% (0.7%)

Proportion of patients with
prediction error # 20%

TP1 0.0% 27.0% 29.0% 40.0%

TP2 5.1% 64.3% 58.2% 53.1%

TP3 94.2% 94.2% 93.3% 92.3%

TP4 92.9% 92.9% 92.8% 91.8%

Between-patient SD TP1 2.3% 28.5% 31.9% 31.0%

TP2 15.8% 25.2% 23.4% 26.2%

TP3 9.5% 9.4% 9.2% 10.0%

TP4 10.3% 9.8% 10.2% 10.7%

Kidney MSE TP1 0.7890 0.0500 0.0420 0.0245

TP2 0.0743 0.0146 0.0158 0.0154

TP3 0.0079 0.0057 0.0061 0.0062

TP4 0.0612 0.0465 0.0209 0.0199

MAE TP1 88.8% (0.3%) 16.9% (1.5%) 15.6% (1.3%) 11.8% (1.0%)

TP2 25.6% (1.0%) 9.3% (0.8%) 9.6% (0.8%) 10.0% (0.7%)

TP3 6.6% (0.6%) 5.5% (0.5) 5.7% (0.5%) 6.0% (0.5%)

TP4 22.5% (1.1%) 16.4% (1.4%) 11.8% (0.8%) 11.7% (0.8%)

Proportion of patients with
prediction error # 20%

TP1 0.0% 68.5% 68.5% 83.3%

TP2 25.0% 92.3% 88.5% 92.3%

TP3 94.6% 96.4% 98.2% 96.4%

TP4 27.8% 72.2% 81.5% 85.2%

Between-patient SD TP1 2.8% 17.8% 19.8% 15.6%

TP2 10.4% 12.2% 11.5% 12.5%

TP3 8.6% 7.5% 7.6% 7.9%

TP4 11.3% 16.3% 13.8% 14.2%

Data in parentheses are SD.
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of less than 7% for both kidneys and tumors. This is consistent
with previous reports for [177Lu]Lu-DOTATATE PRRT (3–5,17),
including the study by H€anscheid et al., which accordingly recom-
mended a 96-h time point. However, practical considerations may
lead to imaging of patients at other TPs. At these nonoptimal TPs,
the Madsen method and our data-driven models provide reason-
able prediction accuracy that is superior to that of the H€anscheid
method (Fig. 4). At the earliest TP, which is likely the most conve-
nient as it does not require a return visit to the clinic, adding
eGFR and tumor volume into the data-driven models for kidneys
and tumors, respectively, enhances STP prediction (model 2 MAE

of 11.8% for kidneys and 27.1% for
tumors; Table 2). It is worth noting that,
with model 2, 83% of kidneys and 40% of
tumors have an absolute error of less than
20%, with only 2 of 54 kidneys (both cor-
responding to the same patient) having an
absolute error of more than 31% (Supple-
mental Fig. 5).
In addition to the methods of Madsen

and H€anscheid, there are other recently
reported methods for STP estimation by
our group (18) and others (19,20). Devasia
et al. (18) assumed biexponential kinetics
and used a mixed-effect model to estimate
the unknown fit parameters. Then a new
patient’s STP measurement was combined
with the assumed biexponential and the
estimated parameters to make the TIA pre-
diction. This approach does not involve a
time-varying parameter and, as with the
H€anscheid and Madsen methods, relies on
the assumption of exponential kinetics
across all time. Our present results suggest
that exponential kinetics may not be accu-
rate at the first TP because, in model 2,
time is not a significant predictor of TIA,
whereas tumor volume and eGFR are sig-
nificant predictors (Table 1). Thus, a
model whose parameters are data-driven
and time-varying may be preferred. The
method of Jackson et al. (19) can also be
classified as a data-driven nonparametric
STP model. They normalized existing
time–activity curves to a single measure-
ment time, making it possible to calculate
a mean and range of TIA values that relate
to the absorbed dose. Physiologically
based pharmacokinetic models (20) use a
system of differential equations to model
the process of absorption and decay, on
the basis of which the TIA can be calcu-
lated. However, this model has no explicit
formula and requires mathematic software
to make the predictions.

The advantages of data-driven models
over physics-driven models mainly result
from their property of local estimation (e.g.,
GAM (8) and local regression (21)), which
means the prediction for an individual is
based on patients in a localized subset who

share similar features. Such models do not require the same global
assumptions of physics-driven models and are therefore more flexi-
ble. As a result, the predictions are optimal across time points and
robust to model misspecification. However, the local estimation
property also has disadvantages. When the underlying model is cor-
rectly specified (e.g., if the time–activity data behave exponentially
and the Teff is the same for all patients), data-driven models will be
less efficient than parametric models such as Madsen method. This
shortcoming is common to nonparametric models and is the result of
the inherent trade-off between bias and variance (21). Although
GAMs often use complex formulas for prediction, we were able to
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identify a much simpler model (Table 1) based on the fitted GAM
(Supplemental Fig. 2)
The inclusion of biomarkers showed a moderate improvement

in performance of the data-driven STP approach at TP1. Enhance-
ment of the model for tumors with the inclusion of volume may be
due to the kinetic differences between small and large tumors due
to variations in tumor biology and microenvironment, which pro-
vide additional data not explained by the magnitude of SPECT
uptake. The model for kidneys was enhanced by the inclusion of
eGFR; this is unsurprising given that eGFR quantifies kidney
function and directly influences the rate of activity uptake and
clearance, providing additional kinetic information that is not
available from SPECT uptake alone. Furthermore, eGFR has
previously been demonstrated to predict kidney dosimetry in
[177Lu]Lu-DOTATATE therapy (11). Notably, uptake on baseline
[68Ga]Ga-DOTATATE PET/CT did not enhance the model perfor-
mance for either tumors or kidneys (Supplemental Table 2) and
thus was not included in the final model.
The level of accuracy that is needed to make dosimetry relevant

to radiopharmaceutical therapy clinical practice depends on the
application, that is, whether the role of dosimetry is in verifying
treatment, in building models of absorbed dose versus outcome, or
in planning and modifying treatment. For individualized planning,
accuracy requirements for therapies delivered over several
cycles—with absorbed dose estimates performed between
cycles—are less stringent than for therapies delivered over 1 or
2 cycles. Regardless of the application, before STP estimates are
used for clinical decision making, the variability in accuracy should
be considered. The prediction error–density plots of Figure 4 and
Supplemental Figure 4 indicate that, in general, the errors are nega-
tively skewed for all STP methods, including at the optimal TP.
This was previously reported for [177Lu]Lu-DOTATATE in both a
theoretic study (22) and a clinical study with 777 kidneys (17),
evaluating the methods of H€anscheid and Madsen. The negatively
skewed error corresponds to an underestimation of TIA and, conse-
quently, absorbed dose; hence, caution should be exercised when
these methods are used for kidney dosimetry-guided treatment
modification in individual patients. When dosimetry is performed
with STP imaging instead of multiple-time-point imaging, a wider
safety margin can be used for the kidney-absorbed dose limit, for
example, based on reported prediction error distribution (Fig. 4) in
studies such as ours. Protocols can also be designed to switch
to multiple-time-point imaging in the next cycle as a cautionary
measure only for those patients whose STP-estimated kidney-
absorbed dose in the previous cycle is above a limit predetermined
on the basis of the predicted error distribution for the specific
STP model.
To mitigate the limitations due to the small size of our clinical

dataset, we used bootstrap methods to generate simulated data
with a larger sample size. The simulation also allowed us to com-
pare methods under different noise conditions and with the true
TIA available. However, the simulation study could not include
data-driven model 2 because of the need for biomarker informa-
tion. Furthermore, the limited sample size confined our biomarker
selection for model 2 to a more conservative approach to avoid
overfitting; hence, only univariable models were considered.
Although we used internal validation (cross validation), external
independent validation of our data-driven models, which are spe-
cific to [177Lu]Lu-DOTATATE, should be performed before clini-
cal implementation.

CONCLUSION

The STP methods for TIA estimation in dosimetry that were
proposed in the current study performed equally as well as previ-
ous physics-based methods (MAE , 7%) for both kidneys and
tumors at the optimal TP of days 3–5 after [177Lu]Lu-DOTA-
TATE PRRT. At other TPs (days 0–2 and days 6–8), our data-
driven models and the Madsen model performed reasonably well,
especially for kidney TIA, where the MAE was less than 17%.
Adding auxiliary data to the single activity measurement enhanced
the performance of the data-driven model for kidneys at TP1,
where an MAE of less than 12% (SD , 15%) was achieved with
the inclusion of eGFR.
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KEY POINTS

QUESTION: How accurate is the STP-imaging–based TIA
estimation for dosimetry in [177Lu]Lu-DOTATATE PRRT when
imaging is performed at a nonoptimal time point?

PERTINENT FINDINGS: Although the optimal time point is from
day 3 to day 5, the Madsen and the proposed data-driven STP
methods provide a reasonable estimate (MAE , 17% for kidneys
and , 31% for tumors) for time points from day 0 to day 8. At day
0, the model incorporating baseline biomarkers outperforms other
methods, achieving an MAE of less than 12% for kidneys.

IMPLICATIONS FOR PATIENT CARE: STP methods that are less
sensitive to time-point selection and perform well even with early
imaging (day of therapy) provide flexibility to the patient and clinic,
enhancing the feasibility of radiopharmaceutical therapy dosimetry
in clinical practice.
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Monte Carlo Simulations Corroborate PET-Measured
Discrepancies in Activity Assessments of Commercial
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In a recent multicenter study, discrepancies between PET/CT-measured
activity and vendor-calibrated activity for 90Y glass and resin micro-
spheres were found. In the present work, the origin of these discrepan-
cies was investigated by Monte Carlo (MC) simulations. Methods:
Three vial configurations, containing 90Y-chloride, 90Y-labeled glass
microspheres, and 90Y-labeled resin microspheres, were modeled with
GAMOS, and the electric signal generated in an activity meter was simu-
lated. Energy deposition was scored in the activity meter–active regions
and converted into electric current per unit activity. Internal bremsstrah-
lung (IB) photons, always accompanying b-decay, were simulated in
addition to 90Y decays. The electric current per source activity obtained
for 90Y glass and resin microspheres, Iglass and Iresin, was compared in
terms of relative percentage difference with that of 90Y-chloride («glass
and «resin) and each other (d). The findings of this work were compared
with the ones obtained through PET measurements in the multicenter
study. Results: With the inclusion of IB photons as primary particles in
MC simulations, the «glass and «resin results were 24.6% 6 3.9% and
215.0% 6 2.2%, respectively, whereas d was 46.5% 6 1.9%, in very
good agreement with the values reported in the multicenter study.
Conclusion: The MC simulations performed in this study indicate that
the discrepancies recently found between PET/CT-measured activity
and vendor-calibrated activity for 90Y glass and resin microspheres can
be attributed to differences in the geometry of the respective commer-
cial vials and to the metrologic approach adopted for activity meter cali-
bration with a 90Y-chloride liquid source. Furthermore, IB photons were
shown to play a relevant role in determining the electric current in the
activity meter.

Key Words: Monte Carlo; resin and glass microspheres; 90Y; internal
bremsstrahlung

J Nucl Med 2023; 64:1471–1477
DOI: 10.2967/jnumed.123.265494

The use of 90Y for radionuclide therapy in nuclear medicine
considers a variety of therapeutic options: radiosynoviorthesis (1),
anti-CD20 antibodies (2), radiolabeled peptides (3), and selective

internal radiotherapy with glass and resin 90Y-labeled micro-
spheres (4).
In particular, 90Y transarterial radioembolization by permanent

implantation of 90Y-labeled microspheres is an established therapeutic
option for unresectable primary hepatic carcinoma and liver metasta-
ses (4–6). Selective internal radiotherapy has been applied for 2
decades, and hundreds of thousands of patients have benefited from
this treatment so far, worldwide. Clear evidence of the superiority of
dosimetry-based treatment personalization is present in the literature
(7); hence, treatment personalization of the administered therapeutic
activity, based on predictive dosimetry, is now broadly recommended.
An accurate determination of the therapeutic administered activ-

ity is key in dose–response studies aiming at optimization of treat-
ment safety and efficacy and in view of possible combined internal
and external irradiator therapeutic scenarios (8–10). Presently, a
quantitative accuracy within 10% is considered the minimum stan-
dard for assessment of a therapeutic activity administration (11).

Evidence of possible discrepancies from the vendor-declared
calibrated activity was found for the resin spheres (12). Recently,
Gnesin et al. (13), in a multicenter and multidevice investigation,
reported significant discrepancies between PET/CT-measured activ-
ity and vendor-calibrated activity for both 90Y microsphere devices.
Furthermore, 90Y activities assessed with PET measurements were
found to systematically underestimate the vendor-calibrated activity
for glass spheres (221% on average) and overestimate for the
resins (115%). The relative activity difference between resin and
glass microspheres averages 46%. Interestingly, good agreement
between PET- and vendor-calibrated activities was found for a set
of vials containing a homogeneous 90Y-chloride liquid solution.
A possible explanation for the observed discrepancies could reside

in differences in geometric configuration and material composition
across the 3 commercial products (90Y-labeled resin and glass micro-
sphere vials and the vial containing 90Y in a homogeneous liquid
chloride solution). In this work, we performed Monte Carlo (MC)
simulations to model the output signal from a reference activity
meter in the 3 commercial 90Y vial configurations. We compared the
MC results with the recently published experimental results (12,13).

MATERIALS AND METHODS

We hypothesized that the differences in geometric configuration
and material composition across the 3 vial configurations potentially
lead to an important difference in the emitted bremsstrahlung energy
spectrum contributing to the signal generation in activity meters.
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Consequently, activity for glass and resin microsphere vials is misesti-
mated adopting the configuration typically used at the manufacturer site
before shipping, where the calibrated vial activity is determined using a
liquid 90Y-chloride metrology standard.

To investigate the validity of this hypothesis, we implemented 3
vendor-specific vial geometries and compositions in dedicated MC
simulations and compared the findings of this study with experimental
results recently published in the literature.

MC Simulations
We simulated measurement of the activity of the 3 radioactive

sources and respective vials with a commercial activity meter, using
GAMOS 6.2 (14), a user-friendly interface of the GEANT4 code
(15–17) extensively validated in the literature (18).

The implementation of the geometries will be detailed in the fol-
lowing subsections.

Concerning the simulated radioactive sources, 90Y is a b-emitter
decaying to 90Zr with a half-life of 64.05 h. It has an endpoint energy of
2.28 MeV and an average energy of 0.936 MeV, giving the b-particles a
maximum range of approximately 1.1 cm in water (19). For the 3 radio-
active sources, we used the GEANT4 RadioactiveDecay module, which
simulates the 90Y b-decay considering the creation of the chosen isotope
and following its decay chain until a stable ion is produced.

As highlighted in our recent papers (20,21), GEANT4 Radioactive-
Decay does not include internal bremsstrahlung (IB) emission accom-
panying the b-decay.

Consequently, to account for IB emission, an additional source term
emitting photons was considered and photon energy was sampled
according to the IB spectrum model validated by Auditore et al. (21)
(supplemental data section A; supplemental materials are available at
http://jnm.snmjournals.org).

Concerning the physics models, GmEMExtendedPhysics, which
uses by default the Livermore low-energy electromagnetic interaction
models, including atomic deexcitation, was applied (22). In each simu-
lation, we ran 108 events to obtain results with statistical relative errors
of less than 2%. The particle spatial propagation considered a range
cutoff of 1 mm. No variance reduction technique was used. Simula-
tions were run on an Intel Core i7 fourth-generation processor; each
simulation with 90Y sources required about 6 h, whereas each simula-
tion with IB photons as primary particles required less than 1 h.

Finally, we evaluated the accuracy of the performed MC simulation
as a function of the assumed geometry for the vials and the activity
meter. To achieve this aim, we varied the thickness of the walls in a
range 63s with respect to the mean values used to build the model,
where s is the SD associated with the assumed dimensions.

The Activity Meter
We implemented in the MC simulations the geometry and composi-

tion of the activity meter Veenstra, model VDC-405, by Comecer,
according to the technical layouts provided by the vendor (23). This
setup has already been validated in our previous work (22,24), and
more geometric details are reported in supplemental data section B.

The energy deposition, Edep, in the sensitive volume of the activity
meter was scored for all simulated sources and converted into electric
current per source activity (pA/MBq), as discussed by Auditore et al.
(21) and reported in supplemental data section C.

The electric current per source activity obtained for 90Y glass and resin
microspheres, Iglass and Iresin, were compared with that for 90Y-chloride
by calculating the relative percentage differences, «glass and «resin, as

«kð%Þ5100 " Ik2Ichloride
Ichloride

, Eq. 1

where k stands for glass or resin.

Moreover, Iglass was compared with Iresin, estimating the relative
percentage difference, d:

dð%Þ5100 " Iglass2Iresin
Iresin

: Eq. 2

Finally, values of d obtained in this work were compared with the
relative percentage difference between glass and resin microsphere
activity calibrations, d*, obtained by Gnesin et al. (13).

90Y-Chloride Source
The 90Y-chloride source was implemented in MC simulations by

homogeneously sampling 90Y decaying nuclides in 0.5 mL of water
(G4_water, density [d] 5 1 g/cm3) contained in a Pyrex (Corning) vial
(G4_Pyrex glass, d 5 2.23 g/cm3) with an aluminum cap (G4_alumi-
num, d 5 2.699 g/cm3). Dimensions of a 90Y-chloride vial (Curium
Pharma) were carefully measured to reproduce the actual vial geome-
try in the MC simulation as shown in Figure 1A. The concerned vial
was 1 of the 2 90Y-chloride vials measured at Centre Hospitalier Uni-
versitaire Vaudois by Gnesin et al. (13).

90Y Glass Microsphere Source
Commercially available 90Y glass microspheres consist of insoluble

glass microspheres with an average diameter ranging from 15 to 35 mm,
as stated on the manufacturer’s datasheet (25), and an average density of
3.29 g/cm3, as stated by Paxton et al. (26). 90Y is present throughout the
volume of the microspheres, conferring to each an activity of about
2,500 Bq. 90Y glass microspheres are available in standard activities
ranging from 3 to 20 GBq at calibration, as reported in the manufac-
turer’s manual (27). The bottom of the vial containing 90Y glass micro-
spheres in solution with water has a v-shape, and its dimensions have
been carefully measured to reproduce the correct geometry in MC simu-
lation as shown in Figure 1B. The vial is made of Pyrex and has an
aluminum cap.

In the simulated configuration, the vial is placed in a vertical posi-
tion inside the activity meter; 90Y glass microspheres deposit on the
bottom of the vial, and the volume of the precipitate depends on the
number of microspheres inside the solution, which in turn depends on
the activity required by the user. The rest of the vial is filled with
water, for a total filling volume of 0.8 mL.

The 90Y glass microsphere precipitate was reproduced in MC simulation
as a glass matrix made of Y2O3 (user-defined Y2O3, d 5 5.01 g/cm3),
aluminum oxide (G4_aluminum oxide, d 5 3.97 g/cm3), and silicon
dioxide (G4_silicon dioxide, d 5 2.32 g/cm3) in the proportion 40%
Y2O3 to 20% Al2O3 to 40% SiO2 (percentages by weight) (28) with
interstitial water. Primary particles (90Y and IB photons) were sampled
uniformly throughout the glass matrix.

The volume and density of the 90Y glass precipitate, Vprec and rprec,
were calculated taking into account random close packing for hard
spheres (29), as reported in supplemental data section D.

For this study, an activity of 3 GBq was chosen, corresponding to
1.2 million microspheres in the vial; the 90Y glass microsphere precip-
itate, made of 85.09% glass matrix and 14.91% water (percentages by
weight), with a density of 2.45 g/cm3, has a volume of 1.55"1022 cm3.

FIGURE 1. Three-dimensional view of 90Y-chloride (A), 90Y glass (B) and
90Y (C) resin microspheres, as simulated with GAMOS.
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Nevertheless, to verify the robustness of this study on the consid-
ered activity, and consequently on the volume occupied by the 90Y
glass microspheres, additional simulations were performed for the
commercially available activities listed in Table 1.

90Y Resin Microsphere Source
90Y resin microspheres consist of insoluble resin microspheres with a

mean diameter of 326 10 mm and a density of 1.125–1.6 g/cm3 (30). 90Y
is affixed to the resin microspheres via an ion exchange process and is pre-
sent only on the surface of the microspheres. Each vial contains 5 mL of
solution with 3 GBq of 90Y and 44 (62.6) million resin microspheres (30)
that deposit at the bottom. The dimensions of the vial were carefully mea-
sured to reproduce the correct vial geometry in the MC simulation, as
shown in Figure 1C. The vial is made of Pyrex and has an aluminum cap.

The 90Y resin microsphere precipitate was reproduced in MC simu-
lation as a polystyrene matrix (G4_polystyrene, d 5 1.06 g/cm3) with
interstitial water. Primary particles (90Y and IB photons) were sampled
uniformly throughout the resin matrix.

The volume and density of the precipitate were calculated as for
90Y glass microspheres (supplemental data section D). For 3 GBq of
activity, the volume of the precipitate was 1.19 cm3, and it was made
of 73.49% polystyrene matrix and 26.51% water (percentages by
weight), with a density of 1.38 g/cm3.

Scoring of Photons Emitted by Sources
Besides the energy deposition in the active volume of the activity

meter, to better understand the obtained results, we scored the energy
distribution of photons escaping the vial and contributing to the signal
generated in the activity meter. To this aim, the World volume and the
detector were set to the material G4_galactic (empty space) and the
photons were scored at the inner cylindric surface of the activity
meter, classifying them according to their energy. The estimated pho-
ton spectra for 90Y-chloride, 90Y glass microspheres, and 90Y resin
microspheres were then compared with each other.

Comparison with PET Measurements from Literature
Assuming that at the manufacturer’s site the activity meter calibra-

tion factor, cM, is obtained with a standard 90Y-chloride solution and
then used to measure the activity of 90Y sources in different vial con-
figurations, the manufacturer activity AM

x is calculated as

AM
x 5cM " ix, Eq. 3

where x stands for glass, chloride, or resin and i is the current mea-
sured by the activity meter.

In this approach, cM is assumed to be the same for resin, chloride,
and glass solutions.

In this study, we hypothesized—also in light of the results reported
by Gnesin et al. (13)—that the actual calibration factors, cx, depend on
the vial geometry and on the source configuration; consequently, the
activities should be calculated using the proper calculation factor:

Ax 5 cx " ix, Eq. 4

where Ax is the actual activity.

Gnesin et al. measured the APET/AM ratios for 90Y glass and resin
microspheres and 90Y-chloride solution. Assuming APET as the actual
activity, Ax, we can express the measured ratios as

APET
x

AM
x

5
Ax

AM
x

5
cx " ix
cM " ix 5

cx
cM

, Eq. 5

And then the APET/AM ratios measured by Gnesin et al. would
reflect the difference between the used and the actual calibration
factors. It should be stressed that APET/AM was found by Gnesin
et al. to be equal to 1 for chloride vials, experimentally confirming
that the manufacturer standard is chloride solution and thus that
AM 5 Achloride.

In this study, we estimate, by MC simulation, Ix 5 ix/Ax, which,
from Equation 4, results in

Ix 5
ix
Ax

5
1
cx
: Eq. 6

Using Equation 6 in Equation 5, we obtain

APET
x

AM
x

5
1

cM " Ix : Eq. 7

Referring to 90Y-chloride solution as a common metrologic refer-
ence (cM 5 cchloride) and assuming the same amount of activity for
each vendor vial (AM

chloride 5 AM
glass 5 AM

resin), it follows that

APET
glass

APET
chloride

5
Ichloride
Iglass

Eq. 8

APET
resin

APET
chloride

5
Ichloride
Iresin

, Eq. 9

Therefore, electric current ratios obtained from MC simulations can
be directly compared with the PET-derived activity ratios reported by
Gnesin et al. (13).

RESULTS

In Table 2 and Figure 2, we reported the MC estimates obtained
in terms of electric current per unit activity (sampling only 90Y as
the primary source, without IB). A 90Y glass microsphere vial
gives an electric signal 30.7% higher than 90Y-chloride, whereas a
signal 17.2% lower is obtained for a 90Y resin microsphere vial
(Fig. 2B); these values are in fair agreement with the differences
found by Gnesin et al. (13) of 27% and 213% between activities
measured with PET and by the glass and resin microsphere manu-
facturers. The relative difference between 90Y glass and resin
microspheres is 57.8% 6 2.4%, a value higher than the one
reported by Gnesin et al. (13).
To obtain more accurate estimates, and in light of the relevance

of IB emission pointed out in our recent studies (20,21), MC simu-
lation was performed also including IB photons, gIB, as an addi-
tional source term, and the results are reported in Table 3 and
shown in Figure 2C. Simulating 90Y and IB photons as primary
particles, we found that the differences between the electric cur-
rent per unit activity for 90Y glass and resin microspheres and for
90Y-chloride reduces to 24.6% 6 3.9% and 215.0% 6 2.2% (Fig.
2D), thus improving agreement with the measurements from Gne-
sin et al. (13). Also the relative percentage difference between 90Y
glass and resin microspheres reduces to 46.5% 6 1.9%, in very
good agreement with the values reported by Gnesin et al. (13).
Table 4 reports the ratios of the current per unit activity of chlo-

ride versus glass and chloride versus resin configurations, obtained
with MC simulations including IB contribution. These values are

TABLE 1
90Y Glass Microspheres Activities Considered for

Robustness Analysis

Activity (GBq) Microspheres (n) Vprec (cm3)

10.0 4.0"106 5.16"1022

16.5 6.6"106 8.52"1022

20.0 8.0"106 10.3"1022
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in excellent agreement with the activity ratios found by Gnesin
et al. (13), confirming the assumptions behind Equations 8 and 9.
The geometry used in MC simulations was varied to evaluate the

robustness of the model, with respect to the variability in the dimen-
sions of the activimeter and vial geometry. For the applied geometry
variations to the activity meter, within the range 63s, «glass resulted
in a CI of612.6%, an «resin of610.2%, and a d of62.2%.
The modification of the vial dimensions leads to variations of

about 69.4% and 610.7% for «glass and «resin, respectively, and
62.8% for d.
When the activity meter and vial geometry variations were com-

bined, the CIs for «glass, «resin, and d were estimated to be
615.9%, 614.9%, and 64.1%, respectively.

The activity of the vial containing 90Y
glass microspheres depends as much on
the number of microspheres as on the vol-
ume occupied by them (Table 1). To test
the robustness of this study as a function of
the considered 90Y glass microsphere activ-
ity, the electric currents per unit activity
obtained for the activities listed in Table 1
are reported in Table 5 for comparison pur-
poses. Taking the 3-GBq activity source as the
reference, the relative percentage difference
between the results is lower than 1%, thus
indicating the independence of the MC esti-
mates from the source activity and the robust-
ness of the study in the considered range.
The photon spectra scored at the inner

surface of the activity meter are reported in
Figure 3. The energy peak at 1,760 keV
results from the deexcitation of an excited
state of 40Zr to which 90Y decays (19). Due
to the shape and thickness of the vial, parti-
cularly in the v-shaped bottom, the photon
yield estimated for the 90Y glass micro-

sphere vial is higher than the yields resulting from 90Y-chloride
and 90Y resin microspheres, the latter providing the lowest photon
yield. The relevant differences in the energy range 0–1MeV
(Fig. 3B) are reflected in the different electric currents generated in
the activity meter for the 3 source vials.

DISCUSSION

In this work, we performed MC simulations of the activity meter
signal generation from 90Y sources in 3 commercial vial configura-
tions. We simulated the 90Y decay generating the external brems-
strahlung photons due to the interaction of the b-particles with the
surrounding material; in addition, we included the IB photons that

TABLE 2
Electric Current per Unit Activity Estimated for 90Y-Chloride, 90Y Glass Microspheres, and 90Y Resin Microspheres,

Sampling 90Y as Primary Particle (b-Decay)

Primary particle Ichloride (pA/MBq) Iglass (pA/MBq) «glassð%Þ Iresin (pA/MBq) «resinð%Þ d ð%Þ d%ð%Þ
90Y 0.16360.01 0.21360.010 30.76 5.2 0.1356 0.010 217.26 2.5 57.86 2.4 46.0060.15

For comparison, d* value calculated by method of Gnesin et al. (13) is also reported.

FIGURE 2. (A and C) Electric currents per unit activity estimated from sampling standard 90Y
b-decay spectrum (A) or 90Y b-decay with addition of IB photons (C). (B and D) Relative percentage
differences, «glass and «resin, calculated for MC results without (B) and with (D) IB photons.

TABLE 3
Electric Current per Unit Activity Estimated for Considered Sources, with Additional Sampling of IB Photons, gIB,

as Primary Particles

Primary particle Ichloride (pA/MBq) Iglass (pA/MBq) «glassð%Þ Iresin (pA/MBq) «resinð%Þ d ð%Þ d%ð%Þ

gIB 0.02460.001 0.02060.001 216.765.5 0.0246 0.001 0.06 0.0* 216.765.5 —

90Y1 gIB 0.18760.015 0.23360.012 24.663.9 0.1596 0.009 215.06 2.2 46.561.9 46.0060.15

*Within considered significant digits.
Estimates accounting for 90Y decays plus gIB are also reported. For comparison, d% value estimated by method of Gnesin et al. (13) is

also displayed.
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originate from the interaction of the emitted b-particles with the
electromagnetic field of the emitting nucleus.
We calculated the electric signal produced in the 3 source config-

urations and computed the relative percentage difference comparing
the 2 types of 90Y-labeled microspheres with the 90Y-chloride solution.
Moreover, we assessed the relative percentage difference between the
electric signal obtained from the glass and resin microspheres.
Taking into account also the IB contribution, we found that for

a matched activity of 90Y, the electric signals generated by the
90Y-labeled glass and resin microsphere vials were 24.6% higher
and 15.0% lower, respectively, than the signal produced by the
vial containing a homogeneous 90Y-chloride solution. Hence, we
found a relative difference of 46.5% 6 1.9% for the electric signal
estimated for the glass versus resin commercial vials.
We compared the findings of this study with the experimental

results recently reported by Gnesin et al. (13). We found remark-
ably good agreement between the relative percentage differences
in the electric signal produced by resin versus glass microspheres
obtained with MC simulation and the relative percentage differ-
ence in total vial activity measured in a 90Y PET/CT experimental
setup (13). Consequently, equally good agreement was found com-
paring the ratios of chloride versus glass and chloride versus resin
electric signals with the corresponding ratios of activity measured
in PET/CT, as detailed in Equations 8 and 9.
Therefore, the measured discrepancies in the activity assessment

from commercial vials could be reasonably ascribed to the differ-
ences in the geometry and source composition across the 3 vials
considered in the study.
PET measurements rely on the detection of coincidence annihila-

tion photons and are, in principle, not sensitive to possible difference

in the bremsstrahlung energy spectrum emitted by the different com-
mercial products. Interestingly, Gnesin et al. (13) found the best
agreement of PET-assessed activity with the vendor-declared cali-
brated activity for the 90Y-chloride vials. This finding can be ex-
plained if we assume that commercial activity meters (with the
inclusion of activity meters used by the 90Y manufacturers) rely on a
metrologic standard using a 90Y homogeneous liquid compound.
Conversely, activity assessments of resin and glass microspheres,
characterized by vial geometry and source composition sensibly dif-
ferent from the metrologic 90Y liquid standard, are prone to provide
a potentially inaccurate activity evaluation if measured in a device
calibrated with a 90Y liquid standard.
Assuming a common metrologic standard related to 90Y liquid

chloride solution, as done in Equation 3, glass and resin vial activity
assessments from the manufacturer activity meters would result in a
systematic overestimation and underestimation, respectively, of the
actual ones. Consequently, the glass and resin manufacturers filled
their own vials with a lower and higher amount, respectively, of
activity than the intended ones. This suggests that product-specific
calibration factors should be adopted for each vial configuration.
Furthermore, the results presented by Gnesin et al. (13) were

best reproduced when considering the IB in addition to the stan-
dard 90Y decay spectrum. This aspect can be understood consider-
ing that the electric signal generated in the activity meter results

TABLE 5
Electric Currents per Unit Activity Obtained for Different

Activities of 90Y Glass Microsphere Source

Activity (GBq) Iglass (pA/MBq) Relative difference (%)

3 0.233 —

10 0.233 0.0

16.5 0.232 20.43

20 0.232 20.43

Relative percentage difference has been calculated with
respect to reference activity of 3 GBq in source.

FIGURE 3. (A) Photon spectra sampled at inner surface of activity meter.
(B) Zoomed 0- to 1-MeV energy range with linear y scale. Primary particles
sampled were 90Y and IB photons, gIB.

TABLE 4
Ratios Between Activities of Glass and Resin

Microspheres and 90Y-Chloride Vials

APET
glass

APET
chloride

Ichloride
Iglass

APET
resin

APET
chloride

Ichloride
Iresin

0.7960.04 0.806 0.03 1.1560.06 1.186 0.03

Experimentally obtained by Gnesin et al. (13) with PET,
compared with ratios of current per unit activity obtained in this
study with MC simulations (Eqs. 8 and 9).
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from interactions of all photons that deposit energy—indeed, both
internal and external bremsstrahlung photons.
To our knowledge, this is the first study providing a reasonable

explanation for the measured disagreement in the total 90Y activity
obtained in PET/CT (in a multicenter and multidevice study)
when compared with calibrated activity information provided by
vendors (13).
In addition, we tested the robustness of the results by varying

the geometric dimensions of both the activimeter and the vials.
Estimations of «glass and «resin were found to vary within 16%
(615.9% and 614.9%, respectively). The relative percentage dif-
ference between glass and resin microsphere activity calibrations,
d, shows a CI of 64.1%, indicating that the considered geometric
variations mildly influenced this parameter.
The estimate of 46.5% 6 1.9% for d must be compared with the

experimental d* obtained from data reported by Gnesin et al. (13),
who found d* to equal 46.00% without any direct indication of the
CI. From data published in Gnesin et al. (13), APET/AM (resin) 5
1.156 0.06 and APET/AM (glass) 5 0.796 0.04, and the CI can be
estimated as follows:

APET

AM

( '
resin

1SD

APET

AM

$ "
glass2SD

5
ð1:1510:06Þ
ð0:7920:04Þ 5 1:61

APET

AM

( '
rein

2SD

APET

AM

$ "
glass1SD

5
ð1:1520:06Þ
ð0:7910:04Þ 5 1:31:

Consequently, d*upper 5 61% and d*lower 5 31% and a
CI can be assigned to d* as 46% 6 15%. The MC-estimated d
reproduces the centroid of the gaussian distribution of the experi-
mental d* and is fully included in its CI (46.5% 6 1.9% vs.
46.00% 6 15%).
Another factor influencing the accuracy of the obtained results

concerns the IB spectral distribution used in this study; it was
obtained according to the fit of the IB spectrum measurements
available in the literature, as reported in our previous work in
which we identified the most appropriate model for the 90Y IB
spectrum after comparing radiometric measurements and MC simu-
lations (21,24); nevertheless, in perspective, new 90Y IB spectrum
measurements could help to further refine the model.

CONCLUSION

The MC simulations of the response of a commercial activity
meter to sources of 90Y-chloride, 90Y resin microspheres, and 90Y
glass microspheres indicate that the discrepancies recently found
between PET/CT-measured activity and vendor-calibrated activity
for 90Y glass and resin microsphere vials are attributable to the dif-
ference in the geometry of the commercial vials, the specific spa-
tial distribution of microspheres in solution or precipitate inside
the vial, and the metrologic reference adopted for the activity
meter calibration. Finally, the inclusion of IB photons in MC
simulations dealing with the 90Y source is advisable because it
plays a relevant role in determining the activity meter output.
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KEY POINTS

QUESTION: What is a possible explanation for the experimentally
observed discrepancies between 90Y vial manufacturer-calibrated
activities and independent PET quantitative assessment?

PERTINENT FINDINGS: Considering a well counter configuration
typical of commercial activity meters, we used MC simulations
to assess the electric signal generation for the measurement
of commercial vials containing 90Y-labeled glass and resin
microspheres and 90Y-chloride in liquid solution. For the same vial
activity, simulation gave a relative electric current difference of
124.6% for glass vials and 215% for resin vials as compared
with the 90Y liquid chloride solution.

IMPLICATIONS FOR PATIENT CARE: Accurate activity
assessment is mandatory for therapeutic procedures and key
for the establishment of reliable dose–effect studies.
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Coronary 18F-sodium fluoride (18F-fluoride) uptake is a marker of both
atherosclerotic disease activity and disease progression. It is currently
unknown whether there are rapid temporal changes in coronary
18F-fluoride uptake and whether these are more marked in those with
clinically unstable coronary artery disease. This study aimed to deter-
mine the natural history of coronary 18F-fluoride uptake over 12mo in
patients with either advanced chronic coronary artery disease or a
recent myocardial infarction.Methods: Patients with established mul-
tivessel coronary artery disease and either chronic disease or a recent
acute myocardial infarction underwent coronary 18F-fluoride PET and
CT angiography, which was repeated at 3, 6, or 12mo. Coronary
18F-fluoride uptake was assessed in each vessel by measuring the
coronary microcalcification activity (CMA). Coronary calcification was
quantified by measuring calcium score, mass, and volume. Results:
Fifty-nine patients had chronic coronary artery disease (median age,
68y; 93% male), and 52 patients had a recent myocardial infarction
(median age, 65y; 83% male). Reflecting the greater burden of coro-
nary artery disease, baseline CMA values were higher in those with
chronic coronary artery disease. Coronary 18F-fluoride uptake (CMA
. 0) was associated with higher baseline calcium scores (294 Agat-
ston units [AU] [interquartile range, 116–483AU] vs. 72AU [interquar-
tile range, 8–222AU]; P , 0.001) and more rapid progression of
coronary calcification scores (39AU [interquartile range, 10–82AU] vs.
12AU [interquartile range, 1–36AU]; P, 0.001) than was the absence
of uptake (CMA 5 0). Coronary 18F-fluoride uptake did not markedly
alter over the course of 3, 6, or 12mo in patients with either chronic
coronary artery disease or a recent myocardial infarction.Conclusion:
Coronary 18F-fluoride uptake is associated with the severity and
progression of coronary artery disease but does not undergo a rapid
dynamic change in patients with chronic or unstable coronary artery
disease. This finding suggests that coronary 18F-fluoride uptake is a
temporally stable marker of established and progressive disease.

Key Words: atherosclerosis; coronary calcification; PET; coronary
microcalcification activity; myocardial infarction
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Coronary atherosclerosis is a chronic inflammatory disease
that manifests as expansive plaque formation within the intima of
the arterial wall and can lead to plaque rupture, coronary thrombosis,
and acute myocardial infarction. In response to the atherosclerotic
inflammatory cascade, small deposits of microscopic calcification
accumulate in the tunica intima and represent markers of plaque
activity (1). Coronary 18F-sodium fluoride (18F-fluoride) PET is a
promising noninvasive imaging modality that can detect these focal
regions of developing microcalcification in vivo, identifying patients
at risk of future coronary atherothrombotic events (2,3). This imag-
ing technique provides a reproducible metric of coronary microcalci-
fication activity (CMA) (4,5) and can be used to monitor the
progression of coronary artery calcium in patients with advanced
coronary atherosclerosis (6).
Coronary 18F-fluoride uptake is observed within the territory of

the culprit plaque after an acute myocardial infarction (3). Ex vivo
histologic validation of coronary artery specimens has confirmed
that 18F-fluoride colocalizes with microcalcification in the tunica
intima (7). Moreover, in patients with stable chronic disease, there
is increased coronary 18F-fluoride uptake in atherosclerotic plaques
with morphologically high-risk features on intravascular ultra-
sound and CT, including positive remodeling and low-attenuation
plaque (3). However, temporal changes in the development, evolu-
tion, and passivation of features of high-risk coronary plaque in
patients at increased risk of cardiovascular events remain poorly
characterized. In particular, the natural history of 18F-fluoride
uptake within the coronary arteries of patients who have had a
recent myocardial infarction is unknown. We hypothesized that
coronary 18F-fluoride uptake would decrease over 1 y in patients
with a recent type 1 myocardial infarction but not in those with
stable chronic disease. To address this issue, we performed a pro-
spective observational cohort study using serial 18F-fluoride PET
at 3 time points over 1 y in patients with multivessel coronary
artery disease and either a recent type 1 myocardial infarction or
chronic stable disease.

Received Jul. 2, 2022; revision accepted Dec. 12, 2022.
For correspondence or reprints, contact Marwa Daghem (mdaghem@ed.

ac.uk).
Published online Aug. 17, 2023.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

1478 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 64 & No. 9 & September 2023



MATERIALS AND METHODS

Study Design
This was an investigator-initiated prespecified prospective observa-

tional cohort study nested within 2 clinical trials of investigational
medicinal products: the Prediction of Recurrent Events with 18F-Fluoride
to Identify Ruptured and High-Risk Coronary Artery Plaques in Patients
with Myocardial Infarction (PRE18FFIR, NCT02278211) and the Dual
Antiplatelet Therapy to Inhibit Coronary Atherosclerosis and Myocar-
dial Injury in Patients with Necrotic High-Risk Coronary Plaque Dis-
ease (DIAMOND, NCT02110303) trials (8). The nested cohort studies
were approved by the local institutional review board, the Scottish
Research Ethics Committee (REC references 14/SS/0089 and 16/SS/
0025), the United Kingdom Administration of Radiation Substances
Advisory Committee, and the Medicines and Healthcare Products
Regulatory Agency. It was performed in accordance with the Declara-
tion of Helsinki. All patients provided written informed consent before
undergoing any study procedures.

Study Population
Patients were recruited between March 2015 and July 2019. Inclu-

sion criteria for the natural history cohort studies required the presence
of multivessel coronary artery disease on invasive coronary angiogra-
phy, either within 21 d of an acute type 1 myocardial infarction
(NCT02278211) or in the context of advanced chronic coronary artery
disease (NCT02110303). Patients were excluded if they were unable
to receive iodinated contrast medium, had renal impairment (estimated
glomerular filtration rate # 30 mL/min per 1.73 m2), or were female
and of child-bearing potential. Full eligibility criteria are provided in
Supplemental Table 1 (supplemental materials are available at http://jnm.
snmjournals.org). All patients underwent a comprehensive baseline
clinical assessment including evaluation of their cardiovascular risk
factor profile. The REACH (Reduction of Atherothrombosis for Con-
tinued Health) and SMART (Secondary Manifestations of Arterial
Disease) risk scores were calculated. Both these scores were created
specifically to predict risk in patients with established coronary artery
disease (9,10).

Image Acquisition
All patients underwent baseline 18F-fluoride

PET and CT on a hybrid scanner (128-multi-
detector Biograph mCT; Siemens Medical
Systems), along with unenhanced CT for cal-
cium scoring and contrast-enhanced coronary
CT angiography using a previously described
standardized study protocol (4). In brief, par-
ticipants with a resting heart rate of more
than 65 beats/min were administered oral
b-blockade (50–100 mg of metoprolol) unless
contraindicated. All participants were adminis-
tered a target dose of 250 MBq of intravenous
18F-fluoride and rested in a quiet environ-
ment. Sixty minutes after the injection, the
PET acquisition was performed. Attenuation
correction CT scans were performed before
the acquisition of electrocardiogram-gated
list-mode PET data using a single 30-min
bed position centered on the heart. An
electrocardiogram-gated breath-hold unen-
hanced CT scan (tube voltage, 120 kV; tube
current based on body habitus) was per-
formed for coronary CT calcium scoring and
reconstructed in the axial plane with a 3-mm
slice width and 1.5-mm increments. Finally,
electrocardiogram-gated coronary CT angi-

ography (tube voltage, 120 kV; tube current based on body habitus)
was performed in mid diastole during held expiration after administra-
tion of sublingual glyceryl trinitrate. Serial contrast-enhanced coronary
CT angiography and 18F-fluoride PET and CT were performed using
the same standardized imaging protocol and on the same scanner at an
interval of 3, 6, or 12 mo after the baseline scan. Unenhanced CT for
calcium scoring was conducted at 12 mo (for the subgroup nested in
the DIAMOND study) and 24 mo (for the subgroup nested in the
PRE18FFIR study) (Fig. 1). To minimize exposure to ionizing radia-
tion, all patients underwent a total of only 2 18F-fluoride PET scans.

Image Analysis
PET Analysis and Quantification. Electrocardiogram-gated PET

images were reconstructed in diastole (50%–75% of the R–R interval,
2 iterations, 21 subsets, Siemens Ultra-HD algorithm) and fused with
the contrast-enhanced coronary CT angiography images. Qualitative
and semiquantitative analyses were performed independently by
trained observers using a dedicated software package (FusionQuant;
Cedars–Sinai Medical Centre).

CMA was used to quantify 18F-fluoride uptake across the coronary
vasculature as described previously (2). In brief, the proximal and distal
sections of the vessel (.2 mm) were identified, and a vessel-tracking
algorithm was applied to extract whole-vessel tubular 3-dimensional
volumes of interest from the coronary CT angiogram using dedicated
semiautomated Autoplaque software (version 2; Cedars–Sinai Medical
Center). These encompass all the main epicardial coronary vessels and
their immediate surroundings (4-mm radius) and were used to measure
the CMA (11).

Coronary 18F-fluoride uptake was assessed along the entire course
of the coronary arteries regardless of the presence of coronary stents,
and the left main stem was included in the volume of interest for the
left anterior descending artery. To avoid an overspill of aortic root
activity, coronary uptake at the orifice of the left main stem was
excluded. CMA was defined as the average SUV within the activity
volume above a background threshold defined as SUVmean plus 2 SDs
measured in the right atrial blood pool as described previously (2).

Assessed for eligibility
n = 405

Recruited
n = 101

Baseline coronary 18F-fluoride PET-CTA &
calcium score

Recent myocardial infarction within 21 days
n = 52

Baseline coronary 18F-fluoride PET-CTA &
calcium score

Chronic coronary syndrome
n = 59

Repeat coronary CT angiogram &
calcium score at 1 year

n = 59 (100%)

Repeat coronary CT angiogram &
calcium score at 2 years

n = 52 (100%)

Repeat coronary 18F-fluoride PET-CTA Repeat coronary 18F-fluoride PET-CTA
3 mo 6 mo 12 mo
n = 12 n = 20 n = 20

3 mo 6 mo 12 mo
n = 20 n = 20 n = 19

Not recruited n = 304
Declined to participate n = 262
Ineligible inclusion/exclusion criteria n = 42

FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) diagram. CTA5 CT angiography.
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A CMA of 0 indicated no activity, and a CMA of more than 1.56 was
indicative of high activity as described previously (2).
Coronary Artery Calcium Score. Coronary artery calcium was

quantified on a per-vessel level by an experienced observer using dedi-
cated software (Vitrea Advanced; Toshiba Systems). Calcification was
quantified as calcium score (Agatston units [AU]), calcium volume
(mm3), and calcium mass (mg). Calcium score was derived using the
Agatston method. To calculate calcium mass, a calibration factor was
derived using a phantom to calculate equivalent water diameter,
adjusted for body mass index and lateral diameter, and applied at a
specified x-ray tube voltage (Supplemental Table 2). Because of metal
artifacts, only vessels without coronary stenting were selected as part
of the comparative analysis.
Coronary CT Angiography. The CT images were analyzed using

dedicated software (Vitrea Advanced; Canon Medical Systems), with
multiplanar reformatting for plaque analysis applied as necessary. Cor-
onary arteries with diameters of at least 2 mm were assessed according
to the 18-segment Society of Cardiovascular CT model (12). Disease
severity was evaluated using the Duke Coronary Artery Disease Index
(13), with 50% or more stenosis classified as clinically significant.
The number of vessels involved, and the location of obstructive
lesions (left main and proximal left anterior descending coronary arter-
ies), were weighted according to the Duke Coronary Artery Disease
Index criteria (Supplemental Table 3).

Statistical Analysis
Continuous variables are presented as mean 6 SD or as median and

interquartile range as appropriate. Change in CMA was defined as the
geometric mean difference in the CMA value between the baseline
and the follow-up PET/CT scans after logarithmic transformation of
the dataset. The Shapiro–Wilk test was used to assess normality for
continuous data. Two-sample t testing or Wilcoxon rank-sum testing
was applied to compare groups for continuous variables; the Pearson,
x2, or Fisher exact test was used to compare groups for categoric vari-
ables as appropriate. Pearson or Spearman rank correlation was used
to assess correlations between continuous variables. All statistical
analysis was performed on a per-vessel level. The statistical analyses
were performed using R, version 4.0.3 (The R Foundation for Statisti-
cal Computing). A 2-sided P value of less than 0.05 was considered
statistically significant.

RESULTS

Study Population
In total, 111 patients (age, 65.76 7.49 y; 88.3% male) were

enrolled in the prospective observational study from 2 cohorts (52
with recent acute myocardial infarction, 59 with advanced chronic
coronary artery disease). All patients underwent baseline coronary
18F-fluoride PET, coronary CT angiography, and coronary artery
calcium score imaging followed by repeat 18F-fluoride PET and
coronary CT angiography at 3mo (n 5 32), 6mo (n 5 40), or
12mo (n 5 39) (Fig. 1).
Baseline demographics for both cohorts, including age, sex, tradi-

tional cardiovascular risk factors, and history of cerebrovascular dis-
ease, are demonstrated in Table 1. Patients with advanced chronic
coronary artery disease had a higher Duke score ($4 in 84% vs.
23% in those with recent myocardial infarction, P , 0.001). Patients
with advanced chronic coronary artery disease also had higher car-
diovascular risk prediction scores (REACH score of 14.0 [interquar-
tile range, 11.5–15.5] vs. 9.0 [interquartile range, 8.0–10.0] in those
with recent myocardial infarction, P , 0.001). All participants with
advanced chronic coronary artery disease had previously undergone
coronary revascularization: 25% had previous coronary artery bypass

graft surgery, and 75% had a previous percutaneous coronary inter-
vention. None of the patients with a recent myocardial infarction
had prior bypass surgery, and 11% had a prior percutaneous coro-
nary intervention, although 96% of patients underwent coronary
revascularization after their index event.

Baseline CMA
At the patient level, 72.1% (n 5 80, CMA . 0) of patients had

increased CMA, with high activity observed in 37.8% (n 5 42,
CMA . 1.56) (Table 2). At a per-vessel level, coronary 18F-
fluoride uptake was assessed in all 330 vessels, of which 137
(41.5%) showed increased CMA at baseline (CMA . 0). Reflect-
ing the greater burden of disease, baseline CMA was higher in
those with advanced chronic coronary artery disease than in those
with a recent myocardial infarction (0.17 [interquartile range,
0.00–0.96] vs. 0.00 [interquartile range, 0.00–0.18], P , 0.001;
Table 3).

CMA over 12 Mo
In patients with absence of CMA at baseline (CMA 5 0), there

were no discernable changes in CMA at 3, 6, or 12mo (Table 2).
Among patients with high activity at baseline (CMA . 1.56),
almost all (90.5%) still demonstrated increased CMA during
follow-up (Table 2). Across the entire cohort, there were no differ-
ences between baseline CMA and CMA at 3mo (geometric mean
difference, 0.00; 95% CI, 20.66 to 0.65), 6mo (geometric mean
difference, 0.03; 95% CI, 20.55 to 0.62), or 12mo (geometric
mean difference,20.02; 95% CI, 20.59 to 0.56). This was consis-
tent for both chronic and unstable patient cohorts.
Similarly, at a per-vessel level, there were no differences between

baseline CMA and CMA at 3, 6, or 12mo (Fig. 2). Among vessels
with no activity at baseline (CMA 5 0; n 5 193), only 3.1% (n 5 6)
had increased microcalcification activity at 3mo, 4.7% (n 5 9)
at 6mo, and 3.6% (n 5 7) at 12mo. In contrast, in vessels with
activity at baseline (CMA . 0; n 5 137 [whole cohort]), 9.5%
(n 5 13) had no activity at 3mo, 8.0% (n 5 11) at 6mo, and 9.5%
(n 5 13) at 12mo (Table 3). This was consistent for both chronic
and unstable patient cohorts.

Coronary Artery Calcification
Coronary artery calcium was assessed in all nonstented vessels

at baseline. In patients with advanced chronic coronary artery dis-
ease, vessels were more calcified, with a higher baseline calcium
score, higher calcium volume, and higher calcium mass, than in the
patients with recent myocardial infarction (Supplemental Table 4).
Overall, vessels with increased CMA had a higher baseline calcium
score (294AU [interquartile range, 116–483AU] vs. 72AU [inter-
quartile range, 8–222AU]; P , 0.001), higher calcium volume
(268.50 mm3 [interquartile range, 124.50–420 mm3] vs. 71.50 mm3

[interquartile range, 15.75–219 mm3]; P , 0.001), and higher cal-
cium mass (53.47mg [interquartile range, 20.16–100.04mg] vs.
13.30mg [interquartile range, 2.07–41.49mg]; P , 0.001) than
vessels without increased 18F-fluoride uptake (Fig. 3; Supplemental
Table 5). Similarly, vessels with increased CMA demonstrated
more rapid progression of calcium score (39AU [interquartile
range, 10–82AU] vs. 12AU [interquartile range, 1–36AU]/y; P ,

0.001), calcium volume (32.75 mm3/y [interquartile range, 7.88–69
mm3/y] vs. 12.00 mm3/y [interquartile range, 1–31 mm3/y]; P 5

0.001), and calcium mass (9.20mg/y [interquartile range, 3.10–
16.99mg/y] vs. 2.60mg/y [interquartile range, 0.39–7.36mg/y];
P , 0.001) than vessels without increased CMA (Table 4; Fig. 3).
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TABLE 1
Baseline Demographics

Demographic
All participants

(n 5 111)

Advanced chronic
coronary artery disease

(n 5 59)
Acute myocardial
infarction (n 5 52) P

Age (y) 65.76 7.49 66.76 7.6 64.56 7.3 NS

Sex (male) 98 (88%) 55 (93%) 43 (83%) NS

Past medical history

Prior acute coronary syndrome 49 (44%) 42 (71%) 45 (17%) ,0.001

Previous PCI 52 (47%) 46 (78%) 6 (12%) ,0.001

Previous CABG 15 (14%) 15 (26%) 0 (0%) ,0.001

Prior cerebrovascular disease 7 (6%) 2 (3%) 5 (10%)

Duke score ,0.001

2 19 (18%) 1 (2%) 18 (35%)

3 30 (28%) 8 (15%) 22 (43%)

4 26 (24%) 19 (35%) 7 (14%)

5 26 (24%) 23 (42%) 3 (6%)

6 6 (6%) 4 (7%) 2 (4%)

Cardiovascular risk factors

Smoking habit ,0.008

Nonsmoker 43 (44%) 19 (32%) 24 (46%)

Current smoker 28 (29%) 11 (19%) 17 (33%)

Former smoker 26 (27%) 29 (49%) 11 (21%)

Diabetes mellitus

None 92 (83%) 49 (83%) 43 (83%) NS

Type 1 2 (2%) 0 (0%) 2 (4%) NS

Type 2 17 (15%) 10 (17%) 7 (14%) NS

Hypertension 51 (46%) 32 (54%) 19 (37%) NS

Total cholesterol (mmol/L) 4.446 1.31 4.2960.96 4.616 1.59

Systolic blood pressure (mmHg) 1376 27 1466 19 1286 31 ,0.001

Medications

Aspirin 111 (100%) 52 (100%) 59 (100%) NS

Statin 108 (97%) 50 (96%) 58 (98%) NS

ACE-I/ARB 90 (81%) 45 (87%) 45 (76%) NS

b-blocker 83 (75%) 37 (71%) 46 (78%) NS

Baseline biochemistry

Troponin I (ng/L) 8,5956 16,838 10634 17,6766 20,633 ,0.001

Creatinine (mmol/L) 82.166 16.03 80.7612.8 83.76 18.9 NS

Risk scores

REACH score 11.00 (9.00–14.00) 14.00 (11.50–15.50) 9.00 (8.00–10.00) ,0.001

SMART score 18.00 (14.00–28.00) 22.00 (15.50–32.50) 15.00 (12.00–22.00) 0.004

Radiation doses

Total dose–length product (mGy"cm) 821.00 (621.00–964.00) 843.00 (637.50–1134.00) 792.50 (597.00–863.75) 0.019

Initial 18F-fluoride dose (MBq) 244.40 (240.25–248.17) 246.02 (241.79–248.85) 243.15 (238.57–246.72) 0.015

Serial 18F-fluoride dose (MBq) 240.72 (236.29–246.75) 241.00 (236.03–247.35) 240.70 (237.12–245.27) NS

NS 5 not statistically significant; PCI 5 percutaneous coronary intervention; CABG 5 coronary artery bypass graft; ACE-I5 angiotensin-
converting enzyme inhibitor; ARB 5 angiotensin receptor blocker.

Qualitative data are number and percentage; continuous data are median and interquartile range or mean 6 SD.
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A regression model to assess change in calcium volume was
performed adjusting for baseline calcium volume and demonstrated
no significant independent association with coronary microcalcifica-
tion (b 5 coefficient 25.5, P 5 0.421) (Supplemental Table 6). A
regression model to assess change in calcium score (AU) was per-
formed adjusting for baseline calcium score and demonstrated no
significant independent association with coronary microcalcifica-
tion (b 5 coefficient 4.13, P 5 0.426) (Supplemental Table 6).

DISCUSSION

In this prospective observational cohort study of patients with
advanced chronic coronary artery disease or acute myocardial
infarction, we showed that, using coronary 18F-fluoride, increased
CMA is detectable in 3 of 4 patients and that microcalcification
activity remains elevated for up to 12mo after initial assessment.
Coronary 18F-fluoride uptake correlates with disease burden, in
terms of both coronary calcification and baseline coronary artery
disease severity. Furthermore, coronary 18F-fluoride uptake corre-
lated with progression of coronary artery calcification at follow-
up. This correlation was consistent across a range of measures of
calcification and for patients with either stable or unstable coro-
nary artery disease. Despite these associations, we demonstrated
no marked changes in coronary 18F-fluoride uptake over 12mo of
follow-up in either population. This finding suggests that although
coronary 18F-fluoride uptake is a marker of disease activity, it
does not change rapidly with time, consistent with the slowly
evolving nature of coronary atherosclerosis.
Calcification plays an important role in the pathogenesis of

atherosclerosis and begins early in the disease process (14). CT
calcium scoring quantifies macroscopic deposits of calcification
and provides a surrogate of total coronary atherosclerotic burden.
The relationship between the coronary artery calcium score and
major adverse cardiovascular events, including all-cause mortality,
cardiovascular events, and nonfatal myocardial infarction, has
been well established (15,16). This strong relationship occurs even
though heavily calcified plaques are themselves less likely to rup-
ture or precipitate acute myocardial infarction, the rationale being
that the more plaque a patient has, the more likely it is that a clini-
cally relevant plaque rupture will occur. Coronary artery calcifica-
tion is thus a surrogate for the overall burden of coronary artery
disease, which will include noncalcified high-risk plaque else-
where in the coronary circulation.
We have here shown that both coronary 18F-fluoride uptake and

CMA correlate with disease burden as demonstrated by the coro-
nary artery calcium score and the Duke score. This is consistent
with previous studies showing that coronary 18F-fluoride uptake is
associated with both luminal stenosis and coronary calcification
(6). We have gone on to demonstrate that coronary 18F-fluoride
uptake predicts disease progression, with increasing uptake corre-
lating with more rapid coronary artery calcium progression. This
finding is consistent with prior studies (6,17), as well as those
reporting that 18F-fluoride preferentially binds to pathologic miner-
alization and identifies areas of microcalcification (1). Indeed, 18F-
fluoride binds more readily to regions of developing calcium and
acts as a marker of calcification activity, adding distinct informa-
tion to calcium scoring, which cannot differentiate between quies-
cent and active disease. This is supported by prior histologic
data showing preferential binding of 18F-fluoride to developing
hydroxyapatite (7).
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Recent data suggest that 18F-fluoride PET is a potentially valu-
able tool in cardiovascular risk stratification. CMA represents a
summary measure of 18F-fluoride uptake within the entire coronary
vasculature and, like coronary artery calcium score, is a predictor
of future myocardial infarction (5). Indeed, coronary 18F-fluoride
uptake and CMA are associated with an increased risk of future
myocardial infarction independent of age, sex, cardiovascular risk
factors, segment involvement, coronary artery calcium score, coro-
nary stents, coronary stenosis, Duke score, and recent myocardial
infarction (5). These future myocardial infarction events occur over
many years, and we wished to assess the time course of coronary
18F-fluoride uptake and CMA to determine its temporal stability as
a measure of coronary artery disease activity. We therefore
assessed these measures over differing timelines over a 1-y period

in patients with stable and unstable coronary artery disease. We
report that there is no major discernible change over a 3-, 6-, or
12-mo period irrespective of the stability of coronary artery dis-
ease. This finding suggests that biologic stabilization and healing
of coronary atherosclerotic plaque are slow, that plaque activity
and vulnerability may be prolonged, and that active coronary calci-
fication persists for many months or indeed years.
Our findings do not undermine the utility of coronary 18F-fluoride

uptake in the identification of metabolically active plaques in patients
with coronary artery disease with ongoing calcifying activity and
vascular inflammation. Atherosclerosis starts early in life with a
long quiescent phase before the manifestation of overt disease.
Before the fourth decade of life, subclinical noncalcified plaque
forms in the absence of detectable coronary macrocalcification (18).

TABLE 3
Per-Vessel Analysis of Coronary 18F-Fluoride Activity over 12 Months

3mo 6mo 12mo

Parameter Total Negative Positive Negative Positive Negative Positive

All participants 330

Baseline CMA

Negative (CMA 5 0) 193/330 (58%) 44/93 (47%) 6/93 (6%) 58/120 (48%) 9//120 (8%) 69/117 (59%) 7/117 (6%)

Positive (CMA . 0) 137/330 (42%) 13/93 (14%) 30/93 (32%) 11/120 (9%) 42/120 (35%) 13/117 (11%) 28/117 (24%)

Recent acute
myocardial infarction

156

Negative (CMA 5 0) 110/156 (71%) 17/36 (47%) 6/36 (17%) 32/60 (53%) 7/60 (12%) 44/60 (73%) 4/60 (7%)

Positive (CMA . 0) 46/156 (29%) 6/36 (17%) 7/36 (19%) 4/60 (7%) 17/60 (28%) 3/60 (5%) 9/60 (15%)

Advanced chronic
coronary artery
disease

174

Negative (CMA 5 0) 83/174 (48%) 27/57 (47%) 0/57 (0%) 26/60 (43%) 2/60 (3%) 25/57 (44%) 3/57 (5%)

Positive (CMA . 0) 91/174 (52%) 7/57 (12%) 23/57 (40%) 7/60 (12%) 25/60 (42%) 10/57 (18%) 19/57 (33%)

FIGURE 2. Change in 18F-fluoride uptake at 3, 6, and 12mo. At vessel level, there were no significant differences in CMA uptake after 3mo (median
CMA, 0.00 [interquartile range, 0.00–0.87] vs. 0.00 [interquartile range, 0.00–0.66]; P5 0.79), 6mo (median CMA, 0.00 [interquartile range, 0.00–1.11] vs.
0.00 [interquartile range, 0.00–1.40]; P 5 0.99), or 12mo (median CMA, 0.00 [interquartile range, 0.00–0.46] vs. 0.00 [interquartile range, 0.00–0.25];
P5 0.34). This was consistent for both chronic coronary artery disease and recent myocardial infarction. CAD 5 coronary artery disease; MI5 myocar-
dial infarction.
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Without intervention, noncalcified plaque will accumulate at approx-
imately 1 mm3 per annum, and although statins can accelerate trans-
formation to a calcified phenotype, the increased rate of calcific
progression is only 1.27 mm3 per annum (19). Over many decades,
these small differences are amplified and may in part explain the
heterogeneity of coronary artery disease presentations in later life
(20). This observation of slow incremental change is supported by
intravascular imaging studies that reported 1%–2% volumetric
changes in dense calcification over 12mo (21). However, coronary
plaques do not all follow a linear trajectory. Although most thin-
capped fibroatheromas will heal over time, a smaller proportion of
plaques with intensely active atherosclerosis may transform into a
more vulnerable phenotype (20,21)—hence the rationale for monitoring

disease activity using ligand-specific radio-
tracers. 18F-FDG has had limited clinical
application in the coronary vasculature due
to overspill of activity from the myocar-
dium. In the carotid arteries, 18F-FDG pro-
duces a more diffuse uptake pattern along
the course of the vessel, as opposed to the
discrete signal of 18F-fluoride, which colo-
calizes to regions of disrupted laminar
blood flow (22,23). More recently, in vivo
models have suggested that 18F-FDG uptake
does not represent merely macrophage
infiltration and that this diffuse pattern of
activity may be more closely aligned with
medial smooth muscle uptake (24). This
possibility makes it difficult to discern
whether the early reduction in 18F-FDG
signal intensity that follows the initiation
of plaque-directed therapy is wholly due to
a change in inflammatory cell activity in
intimal plaque (25–27). Preclinical animal
studies suggest that vascular inflammation
and osteogenesis progress in close proxim-
ity to, and increase in parallel with, plaque
progression (28,29). 18F-fluoride coloca-
lizes with the distribution of osteopontin
and Runx-2, established markers of early
calcification activity and adverse plaque
formation (7). Analogously, microcalcifica-
tion is itself associated with markers of
plaque vulnerability, such as intraplaque
hemorrhage (30), and its presence in the
fibrous cap might promote cavitation-
induced plaque rupture (31). Paradoxically,

macrocalcification represents the end stages of disease, with the
formation of homogeneous or sheetlike calcification that effectively
walls off the inflamed necrotic core and stabilizes the plaque.
Our findings are consistent with a slow time course in which

active disease changes slowly before activity burns out and the
plaque becomes quiescent. Microcalcification is a prolonged pro-
cess compared with active acute inflammation, which is usually
short-lived and changes rapidly over time. 18F-fluoride cannot
track the early remodeling changes that have been observed with
18F-FDG after acute myocardial infarction (27), and our hypothe-
sis that the coronary 18F-fluoride signal would decrease after acute
myocardial infarction was wrong. The longer duration associated
with microcalcifications may enable coronary 18F-fluoride uptake

FIGURE 3. Change in coronary artery calcium score and coronary 18F-fluoride uptake. Vessels
with increased CMA at baseline demonstrated higher baseline calcium scores (A) and calcium
volume (B) and more rapid progression of calcium scores (C) and calcium volume (D) than vessels
without increased 18F-fluoride uptake. This was consistent for both chronic coronary artery disease
and recent myocardial infarction. CAD5 coronary artery disease; MI5 myocardial infarction.

TABLE 4
Progression of Calcification Based on Coronary 18F-Fluoride Uptake at Baseline

Parameter 18F-fluoride uptake No 18F-fluoride uptake P

Number of vessels 72 120

Change in coronary artery calcium (AU/y) 39 (10–82) 12 (1–36) ,0.001

Change in coronary artery calcium volume (mm3/y) 32.75 (7.88–69) 12.00 (1–31) 0.001

Change in coronary artery calcium mass (mg/y) 9.20 (3.10–16.99) 2.60 (0.39–7.36) ,0.001

Data are median and interquartile range.
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to detect high-risk plaques at varying phases of atheromatous pro-
gression. Moreover, such qualities do make it a more attractive
risk marker for future clinical events, as is consistent with our pre-
vious finding that baseline coronary 18F-fluoride uptake and CMA
predicted subsequent myocardial infarction at a median of 5 y of
follow-up (5). Such a marker of prolonged downstream events is
attractive and negates the need for short-term serial scanning or
the possibility of false-positive or -negative findings if there was
presence or absence of transient inflammation.
We should acknowledge several limitations of our study.

Although, to our knowledge, our study included the largest number
of consecutive prospectively enrolled patient cohorts to undergo
repeat coronary PET and CT angiography for the dynamic assess-
ment of coronary 18F-fluoride uptake, we recognize that this was a
single-center study comprising a largely White male population.
Because of the high level of coronary revascularization and stent
implantation in our patient cohorts, quantitative analysis of coro-
nary plaque burden was challenging to perform. Future studies
exploring the relationship between quantitative plaque characteris-
tics and burden on coronary CT angiography and coronary 18F-
fluoride uptake on PET would be important to evaluate the added
value of CMA. Finally, our patient populations all received
guideline-directed medical therapy including high use of antiplate-
let, statin, and renin–angiotensin system inhibitor therapies. As
such, we cannot exclude the modifying effects of the treatment
interventions, which are likely to be conservative, on our findings.

CONCLUSION

Coronary 18F-fluoride uptake correlates with both coronary artery
calcification and disease severity and is a determinant of coronary
artery disease progression, irrespective of the stability of coronary
artery disease. Coronary 18F-fluoride uptake was relatively constant
over the short term, with no change in activity over 3–12mo even in
patients with recent myocardial infarction. This finding suggests that
coronary 18F-fluoride uptake identifies established and progressive
disease that can take considerable time to change and to modify.
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KEY POINTS

QUESTION: What is the natural history of coronary 18F-fluoride
uptake in patients with high-risk coronary artery disease?

PERTINENT FINDINGS: In this prospective observational cohort
study, coronary 18F-fluoride uptake is a marker of atherosclerotic
disease activity and plaque progression. Once detected, increased
CMA is a temporally stable marker of risk that remains elevated
for up to 12 mo.

IMPLICATIONS FOR PATIENT CARE: The detection of CMA
may allow clinicians to stratify the use of novel therapies targeted
to passivating plaque activity, potentially reducing cardiovascular
events in this group.
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Calcific aortic valve disease (CAVD) is a prevailing disease with increas-
ing occurrence and no known medical therapy. Dcbld22/2 mice have a
high prevalence of bicuspid aortic valve (BAV), spontaneous aortic valve
calcification, and aortic stenosis (AS). 18F-NaF PET/CT can detect the
aortic valve calcification process in humans. However, its feasibility in
preclinical models of CAVD remains to be determined. Here, we sought
to validate 18F-NaF PET/CT for tracking murine aortic valve calcification
and leveraged it to examine the development of calcification with
aging and its interdependence with BAV and AS in Dcbld22/2 mice.
Methods: Dcbld22/2 mice at 3–4mo, 10–16mo, and 18–24mo under-
went echocardiography, 18F-NaF PET/CT (n 5 34, or autoradiography
(n5 45)), and tissue analysis. A subset of mice underwent both PET/CT
and autoradiography (n5 12). The aortic valve signal was quantified as
SUVmax on PET/CT and as percentage injected dose per square centi-
meter on autoradiography. The valve tissue sections were analyzed by
microscopy to identify tricuspid and bicuspid aortic valves. Results:
The aortic valve 18F-NaF signal on PET/CT was significantly higher at
18–24mo (P, 0.0001) and 10–16mo (P, 0.05) than at 3–4mo. Addi-
tionally, at 18–24mo BAV had a higher 18F-NaF signal than tricuspid
aortic valves (P, 0.05). These findings were confirmed by autoradiog-
raphy, with BAV having significantly higher 18F-NaF uptake in each age
group. A significant correlation between PET and autoradiography data
(Pearson r 5 0.79, P , 0.01) established the accuracy of PET quantifi-
cation. The rate of calcification with aging was significantly faster for
BAV (P , 0.05). Transaortic valve flow velocity was significantly higher
in animals with BAV at all ages. Finally, there was a significant corre-
lation between transaortic valve flow velocity and aortic valve calcifi-
cation by both PET/CT (r 5 0.55, P , 0.001) and autoradiography
(r 5 0.45, P , 0.01). Conclusion: 18F-NaF PET/CT links valvular cal-
cification to BAV and aging in Dcbld22/2 mice and suggests that AS
may promote calcification. In addition to addressing the pathobiology
of valvular calcification, 18F-NaF PET/CT may be a valuable tool for
evaluation of emerging therapeutic interventions in CAVD.

KeyWords: aortic valve; calcification; molecular imaging; PET; sodium
fluoride
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Calcific aortic valve disease (CAVD) is the most common val-
vular heart disease, with the prevalence of cases tripling and the
total number of deaths doubling over the last 3 decades (1). The
hallmark of CAVD is a fibrocalcific remodeling of aortic valve
leaflets. Leaflet remodeling can range from mild thickening to
severe calcification and may impair the valve function, ultimately

FIGURE 1. Aortic valve phenotypes in Dcbld22/2 mice. Shown are
examples of aortic valve Masson trichrome (left) and alizarin red (right)
staining from Dcbld22/2 mice with TAV at 3–4mo, BAV at 3–4mo, TAV at
18–24mo, and BAV at 18–24mo.
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leading to hemodynamically significant aortic stenosis (AS) (2).
Inflammation, fibrosis, and calcification contribute to this process.
Discoidin, CUB and LCCL domain containing 2 (DCBLD2), also
known as endothelial and smooth muscle cell–derived neuropilin-
like protein, is a transmembrane protein (3) downregulated in the
aortic valves of patients undergoing surgery for AS (4). We recently
reported that DCBLD2-deficient (Dcbld22/2) mice develop sponta-
neous aortic valve leaflet calcification and hemodynamically signifi-
cant AS and have an approximately 50% prevalence of bicuspid
aortic valve (BAV) when examined at the age of 1 y.
The valvular calcification, which is more severe in Dcbld22/2

mice with BAV, closely mimics the human disease and is linked
to enhanced bone morphogenic protein signaling when DCBLD2
deficiency and BAV are present in combination (4). Accordingly,
the Dcbld22/2 mouse model may be a unique tool for preclinical
evaluation of emerging therapeutic interventions in AS.
The severity of AS is typically evaluated with echocardiogra-

phy (5). However, echocardiography cannot provide reliable in-
formation on the biologic processes that are involved in CAVD
progression. Several emerging molecular
imaging techniques, including 18F-NaF PET,
can complement echocardiography in this
regard (6,7). 18F-NaF binds to foci of cal-
cification via exchange of the 18F-fluoride
ion with the hydroxyl group of hydroxyap-
atite (8). A proposed binding model of 18F-
NaF to vascular calcification suggests that
there is higher binding of 18F-NaF to foci
of microcalcification than macrocalcifica-
tion (9). Several recent studies have estab-
lished the feasibility and functional relevance
of 18F-NaF PET/CT in patients with CAVD.
As such, aortic valve 18F-NaF uptake may
be detected on PET/CT images in a large
subset of patients with AS and in many
cases colocalizes with CT-detected calcifi-
cation (6,10). Furthermore, whereas there
is no added prognostic value of 18F-NaF
PET to CT-detected valvular calcification,
the aortic valve 18F-NaF signal on serial
PET/CT images is indeed predictive of future
progression of calcification and AS (11,12).
Accordingly, 18F-NaF PET could be valu-
able for early assessment of the effect of
emerging therapeutic interventions, in both
the preclinical and the clinical settings (13).
However, the feasibility and performance of
18F-NaF PET/CT in preclinical small-animal
models of CAVD remain to be determined.
Leveraging the Dcbld22/2 mouse model of
CAVD, our goal in this study was to vali-
date 18F-NaF PET/CT as a tool for tracking
valvular calcification in the mouse while
examining the development of aortic valve
calcification with aging and its interdepen-
dence with BAV and AS in this model.

MATERIALS AND METHODS

Animals
The generation of Dcbld22/2 mice (C57BL/

6 background) was previously reported (14).

Sixty-nine 3- to 24-mo-old mice of both sexes (Supplemental Fig. 1; sup-
plemental materials are available at http://jnm.snmjournals.org) were split
into 3 age groups and used in these studies, which also included an addi-
tional 26-mo-old mouse used in the reproducibility experiment. All ani-
mal procedures were performed in accordance with protocols approved
by the Institutional Animal Care and Use Committees of Yale University
and the Veterans Affairs Connecticut Health Care System.

18F-NaF PET/CT
Under isoflurane anesthesia, the animals were injected intravenously

with 22.2 6 5.7 MBq of 18F-NaF (SOFIE Biosciences) followed by a CT
contrast agent (ExiTron nano 12000 [VISCOVER]; volume, 30 mL 1

1 mL/g of body weight). PET and CT were performed using a small-
animal dedicated PET/CT scanner (Inveon PET/CT; Siemens). A
contrast-enhanced CT scan was acquired immediately before the PET
acquisition. CT data were acquired over 120 projections across 3 bed
frame positions with 33% overlap and an effective voxel size of 111 mm.
A subset of mice (n 5 14) underwent unenhanced CT imaging under
the same acquisition parameters before the PET image acquisition.

FIGURE 2. 18F-NaF PET/CT of aortic valve calcification in Dcbld22/2 mice. (A and B) Illustrative
coronal images of contrast-enhanced CT, 18F-NaF PET, and PET/CT from 4-mo-old and 19-mo-old
Dcbld22/2 mice with TAV or BAV. Arrows point to location of aortic valve. (C) Quantification of
aortic valve 18F-NaF signal as SUVmax in different age groups. BAV mice are marked in red. (D and E)
Quantification of aortic valve signal as SUVmax in animals with TAV and BAV. (F–H) Quantification
of aortic valve signal as SUVmax in mice aged 3–4mo, 10–16mo, and 18–24mo. *P , 0.05.
****P , 0.0001. P values were determined by ANOVA with Tukey multiple comparison post hoc
test (C), Kruskal–Wallis with Dunn multiple-comparison post hoc test (D–E), and Mann–Whitney
U test (F–H). CE5 contrast-enhanced.
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Emission data were acquired initially for 30 min starting at 1 h after
tracer injection and subsequently for 10 min starting at 80 min after
injection. The data were reconstructed in 3 3 10 min (or 1 3 10 min)
frames using iterative 3-dimensional ordered-subset expectation maxi-
mization (2 iterations) with maximum a priori estimation (25 iterations),
ordinary Poisson distribution, and a 0.8-mm target resolution. Recon-
struction was done at a voxel size of 0.4 3 0.4 3 0.8 mm with decay,
attenuation, scatter, normalization, and randoms corrections. PET
images were corrected by the injected dose and body weight for SUV
measurement and were coregistered with the contrast-enhanced CT
images for anatomic reference using the bone signal as a landmark.
Image analysis was done on 3D Slicer software (15). 18F-NaF activity
was quantified on the 80- to 90-min frame using a volume of interest
drawn on the aortic valve with an average size of 1.3 6 0.3 mm3. All
PET measurements are presented as SUVmax. In a subset of animals
(5 that were 3–4 mo old and 7 that were 18–24 mo old), PET scanning
was followed by 18F-NaF autoradiography 3 d later, with 1 set collected
after 7 d. For the other animals, the aortic
valves were typically collected 2 d after the
PET scans, with 1 set collected after 6 d. The
animals were euthanized under isoflurane
anesthesia by removal of the heart. The repro-
ducibility of PET scan measurements was
assessed in a group of 3 elderly animals (average
age, 24 mo old, with 1 mouse 26 mo old) by
performing 18F-NaF PET/CT twice 1 wk apart.

18F-NaF Autoradiography and
Biodistribution

Under isoflurane anesthesia, the animals
were injected with 21.2 6 12.8 MBq of 18F-
NaF (Cardinal Health). At 1 h after injection,
the animals were euthanized under isoflurane
anesthesia and the entire aorta, including the
aortic valve and carotid arteries, was carefully
dissected under a stereoscopic microscope
(MZ9.5; Leica). For quantitative autoradi-
ography, the aorta and standards of known
activity were exposed on a phosphor screen
(MultiSensitive Phosphor Screen; PerkinElmer)
and subsequently scanned with a phosphor
imager (Typhoon Trio; GE Healthcare Life
Sciences). The injected dose was calibrated to
a set time to account for decay from time of
injection to time of exposure. The 18F-NaF
signals in the aortic valve and descending
thoracoabdominal aorta were measured on
calibrated images using Fiji/ImageJ soft-
ware (National Institutes of Health), and the
results were expressed as percentage injected
dose (%ID) per square centimeter. To investi-
gate biodistribution, blood samples collected
at 5 min after injection and the blood and vari-
ous tissues collected at the time of euthanasia
were weighed; and their radioactivity was mea-
sured by g-well counting (Wizard2; PerkinEl-
mer). Data were expressed as %ID/g for
various tissues or %ID/mL for blood.

Statistics
All data numbering less than 8 in a single

set were evaluated using nonparametric tests
and are presented as median with 25th and
75th percentiles and interquartile range (IQR).

We used the Wilcoxon test to compare 2 related groups, the Mann–
Whitney U test for 2 independent groups, and the Kruskal–Wallis test
for more than 2 groups, with the Dunn test for multiple comparison.
Data were considered significant when the P value was less than 0.05.
Data numbering 8 or more in each set that also passed the Anderson–
Darling normality test were evaluated using parametric tests and reported
as mean 6 SD. ANOVA with post hoc Tukey analysis for multiple
comparison was used to compare more than 2 groups, and Pearson corre-
lation tested the relation between 2 variables. Linear regression was used
to compare the rate of calcification between different valve phenotypes.
The significance of the difference in the slopes of the regression lines
was calculated using analysis of covariance. All statistical analyses were
performed using GraphPad Prism, version 9.2.0 (Dotmatics). To assess
reproducibility, the PET data acquired in the same animals 1 wk apart
were compared by paired t testing.

We excluded 1 sample from data analysis because of difficulty in
identifying the valve phenotype. One PET sample was removed because

FIGURE 3. Aorta and aortic valve 18F-NaF autoradiography. (A) Examples of 18F-NaF autoradiogra-
phy in animals with TAV or BAV at 3–4mo, 10–16mo, and 18–24mo. Arrows point to aortic valve.
(B) Quantification of aortic valve 18F-NaF uptake across different age groups. BAV mice are marked
in red. (C and D) Quantification of aortic valve 18F-NaF uptake in animals with TAV and BAV.
(E–G) Quantification of aortic valve signal in mice aged 3–4mo, 10–16mo, and 18–24mo. *P , 0.05.
**P, 0.01. ***P, 0.001. P values were determined by ANOVA with Tukey multiple-comparison post
hoc test (B), Kruskal–Wallis with Dunn multiple-comparison post hoc test (C and D), and Mann–Whitney
U test (E–G). Scale bar5 0.5cm.
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of failure of CT contrast administration, which prevented proper identifi-
cation of the aortic valve. Robust regression and outlier-removal method
analysis within each age group, with Q 5 1%, identified 1 autoradiogra-
phy sample as an outlier. This sample was subsequently removed from
all analyses.

RESULTS

Prevalence of BAV in Dcbld22/2 Mice
We previously reported that nearly half of approximately 1-y-old

Dcbld22/2 mice have BAV. To expand the scope of this observa-
tion, we assessed the prevalence of BAV in younger and older ani-
mals. Morphologic analysis of the aortic valve in these animals
showed that BAV can be found across different age groups (Fig. 1),
with 8 of 26 mice at 3–4mo, 11 of 22 mice at 10–16mo, and 12 of
19 mice at 18–24mo presenting with BAV. Alizarin red staining
could detect aortic valve calcification in 4 of 10 Dcbld22/2 mice in
the oldest age group but in only 1 of 11 in the youngest group.

18F-NaF PET/CT of Valvular Calcification
To investigate the timing of aortic valve calcification in this

model, Dcbld22/2 mice in 3 different age groups (3–4mo, n 5 14;
10–16mo, n 5 8; and 18–24mo, n 5 12) underwent in vivo 18F-
NaF PET/CT (Fig. 2). Qualitative inspection of 18F-NaF PET/CT
images showed a distinct aortic valve signal in many animals of
the oldest group but rarely in the youngest group (Figs. 2A and 2B).
This finding was confirmed on quantitative analysis of the aortic
valve 18F-NaF signal on PET/CT images, which showed a signifi-
cantly higher aortic valve 18F-NaF SUVmax at 18–24mo (0.416
0.11, P , 0.0001, n 5 12) and 10–16mo
(0.316 0.15, P , 0.05, n 5 8) than at
3–4mo (0.186 0.07, n 5 14, ANOVA with
Tukey post hoc analysis) (Fig. 2C). Histo-
logic evaluation of aortic valves collected
after imaging confirmed the presence of
both BAV and tricuspid aortic valve (TAV)
in each age group, and within each of
the TAV and BAV groups, the aortic valve
18F-NaF signal was significantly higher
at 18–24mo than at 3–4mo (P , 0.05,
Kruskal–Wallis test with Dunn post hoc
analysis) (Figs. 2D and 2E). A comparison
of the aortic valve signal between BAV
and TAV animals within each of the 3 age
groups showed a trend toward higher val-
vular 18F-NaF uptake in animals with BAV
at 10–16mo (BAV SUVmax, 0.39 [IQR,
0.25–0.52], vs. TAV SUVmax, 0.21 [IQR,
0.13–0.34]), which reached statistical signif-
icance at 18–24mo (0.46 [IQR, 0.38–0.57]
vs. 0.37 [IQR, 0.26–0.4], P , 0.05, Mann–
Whitney U test) (Figs. 2F–2H). To assess
the reproducibility of the aortic valve sig-
nal, a group of animals underwent 2 PET/
CT scans within 1 wk. Quantification of
the aortic valve 18F-NaF signal showed
no significant difference between the 2
scans (scan 1 average SUVmax, 0.306
0.10, vs. scan 2 average SUVmax, 0.286
0.08; P 5 0.5; n 5 3) with an average of
11% difference between repeat scans (Sup-
plemental Fig. 2).

18F-NaF Autoradiography
To confirm the effect of aging and BAV on valvular calcifica-

tion, Dcbld22/2 mice from all 3 age groups underwent autora-
diography after in vivo 18F-NaF administration (3–4mo, n 5 17;
10–16mo, n 5 14; 18–24mo, n 5 15; Fig. 3). On visual inspec-
tion of images, a distinct 18F-NaF signal was present in BAV sam-
ples (Fig. 3A). Quantification of the aortic valve 18F-NaF signal
showed a significantly higher tracer uptake in the 18- to 24-mo
group (0.076 0.03 %ID/cm2) than in the 10- to 16-mo group
(0.046 0.02 %ID/cm2, P , 0.01, ANOVA with Tukey post
hoc analysis) and the 3- to 4-mo group (0.046 0.01 %ID/cm2,
P , 0.001, ANOVA with Tukey post hoc analysis) (Fig. 3B).
Thoracoabdominal aortic uptake was also higher in the 18- to 24-mo
group than in the 10- to 16-mo and 3- to 4-mo groups (P , 0.0001,
Supplemental Fig. 3A). Next, we compared the aortic valve and
aortic signal between BAV and TAV mice across and within differ-
ent age groups. In TAV mice, the aortic valve 18F-NaF signal was
significantly higher at 18–24mo than at 10–16mo (0.04 [IQR,
0.03–0.06] vs. 0.02 [IQR, 0.02–0.03] %ID/cm2, P , 0.05, Kruskal–
Wallis with Dunn post hoc test) (Fig. 3C). Similarly, in animals
with BAV, the aortic valve 18F-NaF signal was significantly higher
at 18–24mo than at 3–4mo (0.09 [IQR, 0.07–0.11] vs. 0.05 [IQR,
0.04–0.06] %ID/cm2, P , 0.01, Kruskal–Wallis with Dunn post hoc
test) (Fig. 3D). Additionally, in the TAV group, the thoracoabdom-
inal aortic uptake was higher at 18–24mo (0.03 [IQR, 0.02–0.03]
%ID/cm2) than at 10–16mo [0.02 [IQR, 0.02–0.02], P , 0.05,
Kruskal–Wallis with Dunn post hoc analysis) and 3–4mo (0.02
[IQR, 0.01–0.02], P , 0.05, Kruskal–Wallis with Dunn post hoc

FIGURE 4. Correlation between aortic valve 18F-NaF signal by PET and autoradiography. (A and B)
Illustrative coronal contrast-enhanced CT, 18F-NaF PET, and PET/CT images in 19-mo-old Dcbld22/2

mice with TAV and BAV (A) and their respective aorta and aortic valve autoradiography (B). Arrows
point to location of aortic valve. (C and D) Correlation of aortic valve 18F-NaF uptake quantified
by PET and autoradiography in same animals (C) and average signal per group (D). Linear
regression lines are shown, with 95% confidence interval of line of best fit as dotted lines. SE
bars for each group are shown in D. *P , 0.05 and **P , 0.01 for Pearson correlations. Scale
bar5 0.5 cm.
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analysis) (Supplemental Fig. 3B). Similarly, the thoracoabdominal
aortic uptake in BAV mice was higher at 18–24mo (0.03 [IQR,
0.02–0.04] %ID/cm2) than at 10–16mo (0.02 [IQR, 0.02–0.02]
%ID/cm2, P , 0.001, Kruskal–Wallis with Dunn post hoc) (Sup-
plemental Fig. 3C). At all age groups, the animals with BAV had a
higher aortic valve 18F-NaF signal than the TAV mice (3–4mo:
0.05 [IQR, 0.04–0.06] for BAV vs. 0.03 [IQR, 0.02–0.04] for
TAV, P , 0.05; 10–16mo: 0.06 [IQR, 0.04–0.07] for BAV vs.
0.02 [IQR, 0.02–0.03] for TAV, P , 0.01; 18–24mo: 0.09 [IQR,
0.07–0.11] for BAV vs. 0.04 [IQR, 0.03–0.06] for TAV, P , 0.01,
Mann–Whitney U test) (Figs. 3E–3G). However, there was no dif-
ference in thoracoabdominal aortic uptake between BAV and TAV
mice in older age groups, and only a minor difference (P 5 0.046)
was present at 3–4mo (Supplemental Figs. 3D–3F). Importantly,
evaluation of 18F-NaF activity in blood at 5 and 60min after tracer
injection did not show any significant difference among the 6 groups
of mice (Supplemental Figs. 4A–4B). Finally, there was no signifi-
cant difference between different groups in 18F-NaF uptake quanti-
fied in the heart apex, lung, liver, spleen, kidney, and bone at
60min after injection (Supplemental Figs. 4C–4H).

Accuracy of Aortic Valve 18F-NaF PET Signal Quantification
To test the accuracy of aortic valve signal quantification, 18F-NaF

PET/CT was followed by autoradiography in a subset of mice (5 at
4mo and 7 at 19mo) (Figs. 4A and 4B). Quantification of the aor-
tic valve signal showed a significant correlation between PET and
autoradiography signals (Pearson r 5 0.79, P , 0.01, Fig. 4C).
Notably, the highest 2 samples as measured by both PET/CT and
autoradiography were from animals with BAV. A similar signifi-
cant correlation was present when the average aortic valve PET
and autoradiography signals of all 6 groups of animals were com-
pared (r 5 0.83, P , 0.05, Fig. 4D). Excluding the 3- to 4-mo-old
animals, for which no focal signal could be identified on the PET
images, the correlation coefficient in group averages between PET
and autoradiography was 0.99 (P , 0.01).

Calcification Rate in BAV and TAV
After the observation that aortic valve calcification increased

with aging, we sought to determine whether the number of leaflets
affects the rate of calcification with aging. There was a significant
correlation between calcification as measured by PET and age
among both BAV and TAV mice (BAV r 5 0.80, P , 0.01; TAV
r 5 0.61, P , 0.01). Similarly, in both BAV and TAV there was
a significant correlation between calcification as measured by
autoradiography and age (BAV r 5 0.68, P , 0.001; TAV r 5
0.40, P , 0.05). Linear regression analysis of PET/CT-determined
aortic valve calcification versus the exact animal age showed a sig-
nificant difference between BAV and TAV (regression slope:
0.009 for TAV [n 5 20] vs. 0.021 for BAV [n 5 13], P , 0.05)
(Fig. 5A). A similar (although not statistically significant) trend
between the BAV and TAV calcification rate over time was also
detected by autoradiography (regression slope: 0.001 for TAV
[n 5 25] vs. 0.002 for BAV [n 5 21], P 5 0.097) (Fig. 5B).

Aortic Valve Function and Calcification in Dcbld22/2 Mice
Next, we sought to investigate whether aortic valve calcification

and function are linked in any way in Dcbld22/2 mice. Evaluation
of transaortic valve flow velocity showed no difference between
the animals in different age groups (3–4mo: n 5 26 [BAV, 8];
10–16mo: n 5 8 [BAV, 4]; 18–24mo: n 5 21 [BAV, 13]). How-
ever, within each age group, the animals with BAV had signifi-
cantly higher transaortic valve flow velocity than the TAV animals

(3–4mo: 1,223mm/s [IQR, 1,031–1,490mm/s] for TAV vs.
3,118mm/s [IQR, 2,387–3,959mm/s] for BAV, P , 0.0001;
10–16mo: 1,073mm/s [IQR, 846–1,580mm/s] for TAV vs.
3,189mm/s [IQR, 2,388–4,949mm/s] for BAV, P , 0.05; 18–
24mo: 1,255mm/s [IQR, 1,197–1,787mm/s] for TAV vs. 2,782mm/s
[IQR, 2,048–3,822mm/s] for BAV, P , 0.001, Mann–Whitney
U test) (Figs. 6A–6E). Consistent with these findings, leaflet sepa-
ration was lower in BAV mice than in TAV mice at 3–4mo and
18–24mo of age (P , 0.0001, Supplemental Fig. 5A). In addition,
whereas on average there was no significant difference in left ventric-
ular outflow velocity, mass, ejection fraction, or fractional shortening
between BAV and TAV in any of the 3 age groups (Supplemental
Figs. 5B–5E), in a subset of animals with BAV, aging was associated
with a considerable reduction in ejection fraction and increase in
left ventricular mass. Finally, in animals that underwent echocardi-
ography before 18F-NaF PET/CT or autoradiography, there was a
significant correlation between transaortic valve flow velocity and
aortic valve calcification as detected by 18F-NaF PET/CT (r 5 0.55,
P, 0.001) or autoradiography (r5 0.45, P, 0.01) (Figs. 6F–6G).

DISCUSSION

After the feasibility of 18F-NaF PET/CT and autoradiography
was established, these molecular imaging techniques were leveraged

FIGURE 5. Aortic valve phenotype and calcification rate in Dcbld22/2

mice. Relation between 18F-NaF uptake measured by PET (A) and
autoradiography (B), and animal age in mice with TAV and BAV. Linear
regression lines are shown, with 95% confidence interval of line of best fit
as dotted lines.
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to examine the development of aortic valve calcification in
Dcbld22/2 mice. Our data show that aging and BAV are both
associated with aortic valve calcification and that, compared with
TAV, BAV is associated with a higher rate of valvular calcification
over time. Finally, there was a significant correlation between aor-
tic valve calcification and stenosis in this murine model.
Ectopic calcification can be found in a wide range of cardiovas-

cular diseases, from coronary artery disease to aortic aneurysms
and CAVD (16,17). Since 18F-NaF binds to the surface of calcified
deposits, the higher surface-to-volume ratio of microcalcifications
than of macrocalcifications results in higher 18F-NaF uptake in
foci of microcalcification than in macrocalcifications of a similar

total volume (9). The size of microcalcifica-
tions can be too small to be detectable by
CT, which also requires higher calcium den-
sities to yield sufficient attenuation and,
thus, contrast between calcium deposits and
surrounding tissues. This was indeed the
case in our model, where we could not
detect any distinct aortic valve calcification
on unenhanced CT performed on a subset of
animals (data not shown). As such, CT atten-
uation in vivo (or alizarin red staining ex
vivo) may not directly match 18F-NaF bind-
ing to different sites of calcification (16).
Because small foci of microcalcification can
coalesce to form larger calcium deposits, the
18F-NaF signal on PET can correspond to
the foci of future CT-detectable calcification
(11,16,18). As such, 18F-NaF PET/CT can
be used as a tool to assess valve deteriora-
tion and track the effect of therapeutic inter-
ventions in the clinical setting (12,19,20).
Accordingly, 18F-NaF PET/CT is a potential
tool for tracking of the calcification process
and for early assessment of the effect of ther-
apeutic interventions on ectopic calcification
in not only the clinical setting but also the
preclinical setting.
Genetically modified murine models are

powerful tools to study aortic valve biology
and may be of value as a first step in drug
development and testing. We recently intro-
duced Dcbld22/2 mice as a new model of
CAVD that phenocopies human disease and
may therefore be of value for such applica-
tions (4). Dcbld22/2 mice show a high prev-
alence of BAV and valvular calcification,
which we have linked to the interplay of
leaflet numbers and enhanced bone morpho-
genic protein 2 signaling due to DCBLD2
deficiency. The limitations of alizarin red
staining used in that study motivated us to
leverage 18F-NaF imaging to gain a fuller
picture of valvular calcification in this model.
To date, only a few studies have evaluated
and taken advantage of 18F-NaF PET in pre-
clinical studies of cardiovascular disease.
These include an evaluation of 18F-NaF
binding to atherosclerotic plaque in mini-
pigs (21) and mice (22,23); however, none
has focused on CAVD.

The absence of 18F-NaF myocardial uptake facilitates aortic
valve imaging. However, PET/CT of the aortic valve in a mouse is
challenging because of the small size of the valve ($1–2mm) rela-
tive to the spatial resolution of small-animal PET ($1.6mm) (24)
and spillover from thoracic vertebrae near the aortic valve and
ascending aorta. These challenges are not present in ex vivo auto-
radiography, and therefore, we relied on autoradiography to com-
plement in vivo imaging data. Importantly, the positive correlation
between in vivo and ex vivo measurements of the 18F-NaF signal
within the same animals validated our approach to quantifying the
18F-NaF signal in vivo, justifying further use of 18F-NaF PET/CT
to assess and track calcification in small-animal models.

FIGURE 6. Aortic valve echocardiography and its relation to calcification in Dcbld22/2 mice.
(A and B) Illustrative screenshots of transaortic valve velocity by Doppler echocardiography in
19-mo-old TAV (A) and BAV (B) mice. BAV y-axis velocity scale is double TAV scale. (C–E) Trans-
aortic valve peak jet velocity of TAV and BAV mice aged 3–4mo, 10–16mo, and 18–24mo. *P ,

0.05, Mann–Whitney U test. ***P , 0.001, Mann–Whitney U test. ****P , 0.0001, Mann–Whitney
U test. (F and G) Correlation between peak transaortic valve velocity and aortic valve 18F-NaF signal
by PET (F) and autoradiography (G). **P , 0.01, Pearson correlation. ***P , 0.001, Pearson
correlation.
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Although we have not detected any clear valvular calcification by
CT, even in older animals, both 18F-NaF PET and autoradiography
showed an increase in aortic valve microcalcification with aging.
This finding indicates that similar to humans, in whom advanced
age is a major risk factor for CAVD (25), calcification is an
acquired phenotype in Dcbld22/2 mice. Again, as in humans, 18F-
NaF uptake increases with aging in Dcbld22/2 mice regardless of
the BAV or TAV status. Of note, the aortic valve SUVmax is lower
in this mouse model than in humans (6). This lower SUVmax may
be related to the partial-volume effect because of the small size of
the aortic valve, cardiac motion, and possibly the intensity of calci-
fication in this mouse model compared with humans. Interestingly,
the background signal in the mediastinum is increased in older
mice despite comparable radioactivity in the blood and most other
tissues across all age groups. This increased background signal,
along with the increased aortic activity, suggests that the higher
mediastinal activity seen with aging could be related to diffuse vas-
cular microcalcification.
Previous work has shown the presence of AS in approximately

1-y-old Dcbld22/2 mice with BAV. Our results indicate that AS
persists with aging. Interestingly, AS is also present in younger
BAV mice. Overall, despite the increase in calcification, the sever-
ity of AS did not increase with aging. Stenotic valves are generally
more calcified in humans, and the extent of calcification correlates
with stenosis. Indeed, recent guidelines recommend calcium score
as a key parameter to differentiate moderate from severe aortic
valve stenosis when the distinction is otherwise difficult to estab-
lish (26). However, the relation between aortic valve stenosis and
calcification is complex, as other processes, such as fibrosis, con-
tribute to valvular dysfunction (27,28). The positive correlation
between calcification and stenosis suggests the two are also linked
in Dcbld22/2 mice. However, the increase in calcification without
any change in stenosis over time suggests that calcification is
dependent on stenosis in this model, and the opposite may not be
true. Alternatively, calcification and stenosis could both be driven
by BAV while remaining independent of each other.

CONCLUSION

18F-NaF PET/CT links aortic valve calcification to BAV and
aging in Dcbld22/2 mice and suggests that AS may promote val-
vular calcification. In addition to its role in addressing the pathobi-
ology of valvular calcification, 18F-NaF PET/CT may serve as a
valuable tool for preclinical evaluation of therapeutic interventions
aimed at preventing or reducing aortic valve calcification. Given
the complementary roles of calcification and fibrosis in AS, 18F-NaF
PET/CT could be combined with molecular imaging of fibrosis or
extracellular remodeling, for example, through matrix metalloprotei-
nase imaging (29), to provide a comprehensive picture of the disease
process in CAVD.
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KEY POINTS

QUESTION: What is the relationship between aortic valve
calcification and aging and its interdependence with BAV and
AS in a mouse model of CAVD?

PERTINENT FINDINGS: Leveraging the Dcbld22/2 mouse model
of CAVD, we demonstrated the feasibility and validity of 18F-NaF
PET/CT for detection of aortic valve calcification. 18F-NaF uptake
in the aortic valve significantly increased with aging and was
significantly higher in animals with BAV than in those with TAV,
with multimodality imaging suggesting that AS may promote
valvular calcification.

IMPLICATIONS FOR PATIENT CARE: In addition to its role in
addressing the pathobiology of valvular calcification, 18F-NaF
PET/CT can serve as a valuable tool for preclinical evaluation of
therapeutic interventions aimed at preventing or reducing aortic
valve calcification.
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Preclinical Characterization of the Tau PET Tracer
[18F]SNFT-1: Comparison of Tau PET Tracers
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Tau PET tracers are expected to be sufficiently sensitive to track the
progression of age-related tau pathology in the medial temporal cortex.
The tau PET tracer N-(4-[18F]fluoro-5-methylpyridin-2-yl)-7-aminoimi-
dazo[1,2-a]pyridine ([18F]SNFT-1) has been successfully developed by
optimizing imidazo[1,2-a]pyridine derivatives. We characterized the
binding properties of [18F]SNFT-1 using a head-to-head comparison
with other reported 18F-labeled tau tracers.Methods: The binding affin-
ity of SNFT-1 to tau, amyloid, and monoamine oxidase A and B was
compared with that of the second-generation tau tracers MK-6240, PM-
PBB3, PI-2620, RO6958948, JNJ-64326067, and flortaucipir. In vitro
binding properties of 18F-labeled tau tracers were evaluated through the
autoradiography of frozen human brain tissues from patients with
diverse neurodegenerative disease spectra. Pharmacokinetics, metabo-
lism, and radiation dosimetry were assessed in normal mice after intra-
venous administration of [18F]SNFT-1. Results: In vitro binding assays
demonstrated that [18F]SNFT-1 possesses high selectivity and high
affinity for tau aggregates in Alzheimer disease (AD) brains. Autoradio-
graphic analysis of tau deposits in medial temporal brain sections from
patients with AD showed a higher signal-to-background ratio for
[18F]SNFT-1 than for the other tau PET tracers and no significant binding
with non-AD tau, a-synuclein, transactiviation response DNA-binding
protein-43, and transmembrane protein 106B aggregates in human
brain sections. Furthermore, [18F]SNFT-1 did not bind significantly to
various receptors, ion channels, or transporters. [18F]SNFT-1 showed a
high initial brain uptake and rapid washout from the brains of normal
mice without radiolabeled metabolites. Conclusion: These preclinical
data suggest that [18F]SNFT-1 is a promising and selective tau radio-
tracer candidate that allows the quantitative monitoring of age-related
accumulation of tau aggregates in the human brain.
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Misfolded tau aggregates are the neuropathologic hallmarks
of Alzheimer disease (AD). In the AD continuum, the progression
of tau pathology follows a stereotyped spatiotemporal pattern that
begins in the transentorhinal cortex and spreads to the entorhinal
and hippocampal cortices, lateral temporal lobes, and association
and primary sensory cortices (1). Pathologic tau aggregates are
associated with neuronal loss and cognitive decline in AD (2).
PET imaging with specific tau tracers provides spatiotemporal
information on the progression of pathologic tau burden in the liv-
ing brain and facilitates the precise assessment of disease severity,
patient enrollment, and prediction of therapeutic efficacy in
disease-modifying therapeutic trials (3).
Much effort over the past 10y has been focused on generating

radiotracers to visualize tau aggregates in vivo. We previously devel-
oped 18F-labeled 2-arylquinoline derivatives to image pathologic tau
aggregates in humans (3). One of these derivatives, [18F]THK-5351,
showed elevated tracer retention at sites susceptible to pathologic tau
burden in AD. However, the off-target binding to monoamine oxidase
B (MAO-B) limits the clinical utility of [18F]THK-5351 as a tau bio-
marker (4,5). Off-target binding issues have been noted in other first-
generation tau tracers that show high uptake in the basal ganglia and
choroid plexus even in normal control brains. To overcome this issue,
second-generation tau PET tracers such as [18F]RO6958948
([18F]RO948), [18F]PI-2620, [18F]MK-6240, [18F]JNJ-64326067
([18F]JNJ-067), and [18F]PM-PBB3 have been developed to reduce
off-target binding to monoamine oxidase (6). Clinical studies of these
radiotracers have demonstrated less off-target binding to MAO-B,
although several tracers still showed significant accumulation in the
choroid plexus. Additionally, the existing tau tracers are not suffi-
ciently sensitive to track the progression of early tau lesions. Large
antemortem PET-autopsy validation studies have revealed that
[18F]flortaucipir PET detected advanced tau pathology (Braak V–VI)
but was not sensitive in detecting early tau burden (Braak I–IV) (7,8).
To develop a novel tau tracer with high sensitivity and specificity to
tau pathology in AD, we performed the compound optimization of
imidazo[1,2-a]pyridine derivatives and developed N-(4-[18F]fluoro-5-
methylpyridin-2-yl)-7-aminoimidazo[1,2-a]pyridine ([18F]SNFT-1) as
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an optimized tau PET tracer (Fig.1). We directly compared the bind-
ing profile of [18F]SNFT-1 with that of other reported tau PET tracers
using human brain tissues from patients with a diverse disease
spectrum.

MATERIALS AND METHODS

Radiochemistry
Reference standards and their precursors were custom-synthesized or

synthesized in-house on the basis of patents or the literature. LogP values
were estimated by reversed-phase high-performance liquid chromatogra-
phy as described in the supplemental methods (supplemental materials are
available at http://jnm.snmjournals.org) (9). Radiolabeled compounds
were obtained through a microscale 18F-substitution reaction, as previously
described (10). Details of SNFT-1 and [18F]SNFT-1 syntheses have been
described elsewhere. Briefly, reactive [18F]fluoride was prepared using an
Oasis MAX (Waters) and a methanolic solution of the Kryptofix (Merck)
222–KHCO3 complex. After drying, each precursor was dissolved in
dimethyl sulfoxide (3 mg/mL). The vial was heated at 110!C–150!C in a
block heater. After radiofluorination, acid deprotection was performed to
remove the protecting groups. [18F]RO948 and [18F]PI-2620 were pre-
pared by reducing with iron powder to remove the nitro precursors. The
quenched solution was subjected to semipreparative high-performance liq-
uid chromatography (InertSustain C18 column, 7.63 150 mm and 5 mm;
GL Sciences, Inc.). The products were extracted from the collected frac-
tion with ethanol using a Sep-Pak tC18 Plus Light (Waters) cartridge and
diluted with appropriate buffers for biologic assays. All products were pro-
duced in more than 95% radiochemical purity, which was determined
using analytic high-performance liquid chromatography (InertSustain C18
column, 4.6 3 150 mm and 5 mm; GL Sciences, Inc.). The molar activi-
ties are presented in Supplemental Table 1.

In Vitro Binding Studies
[3H]THK-5351 was custom-synthesized by Sekisui Medical, Inc.

(molar activity, 2.96 TBq/mmol; radiochemical purity, 98.9%). [3H]Pitts-
burgh compound B (PiB) was obtained from American Radiolabeled Che-
micals, Inc. (molar activity, 2.96 TBq/mmol; radiochemical purity, 99%).
Competitive binding assays were performed as described previously (11).
[18F]florbetaben and [3H]PiB were used as radioligands for the amyloid
aggregates; [18F]MK-6240, [18F]SNFT-1, and [18F]PM-PBB3 were used

for 3-repeat/4-repeat (3R/4R) tau aggregates; [18F]fluoroethyl harmol was
used for recombinant MAO-A (M7316; Sigma-Aldrich); and [3H]THK-
5351 was used for recombinant MAO-B (M7441; Sigma-Aldrich). Corre-
lation analysis of tracer binding in an AD patient was performed as
described previously (5,11). The Sidak multiple-comparison test was used
to investigate statistical significance.

In Vitro Autoradiography, Histochemical Staining, and
Immunoblotting

The Ethics Committee of Tohoku University Graduate School of
Medicine approved this study, and all subjects gave written informed
consent. The demographic data of the postmortem brain samples are
shown in Supplemental Table 2. In vitro autoradiography of 18F-
labeled compounds was performed using unfixed frozen brain sections
as previously described (11,12). Quantitative tracer binding was evalu-
ated as the ratio of the region of interest to a region of white matter.
Detailed histochemical staining and immunoblotting are described in
the supplemental methods.

Receptor Binding Assays
Receptor binding screening assays were performed by Sekisui Med-

ical, Inc., to confirm the binding selectivity of [18F]SNFT-1 to tau.
Binding inhibition (%) was determined using competitive radioligand
assays against 60 common neurotransmitter receptors, ion channels,
and transporters as described previously (11,13).

Biodistribution, Small-Animal PET, and Metabolism Studies
on Mice

All animal experimental protocols were approved by the Laboratory
Animal Care Committee of the Tohoku University. Biodistribution
and metabolism were investigated after intravenous injection of
[18F]SNFT-1 into male ICR mice, as described previously (13,14).
Details on the metabolite analysis are described in the supplemental
methods. A small-animal PET study was performed as previously
described (15). Estimations of radiation and mass doses for humans
were based on biodistribution data as previously described (16).

Animal Toxicity Studies
Acute toxicity studies were performed on Sprague–Dawley rats and

ICR mice. A single intravenous dose of SNFT-1 was administered by
LSI Medience as previously described (11,13).

RESULTS

In Vitro Binding Studies
The results of the in vitro saturation

binding assay of [18F]SNFT-1 are shown
in Figure 2A. [18F]SNFT-1 bound with
high affinity to 2 binding sites on tau-rich
AD brain homogenates (high dissociation
constant, 0.6 nmol/L; high maximum number
of binding sites, 303pmol/g tissue; low disso-
ciation constant, 57.6nmol/L; low maximum
number of binding sites, 3,140pmol/g tissue).
The regional binding ratios of [18F]SNFT-1
in AD brain samples correlated strongly with
those of [18F]MK-6240 (Spearman r 5 0.97,
P , 0.0001) (Fig. 2B) and did not correlate
with those of [3H]PiB (Spearman r 5 0.28,
P 5 0.31) (Supplemental Fig. 1). The
regional binding ratio of [18F]SMBT-1 was
higher than that of [18F]MK-6240 in several
regions of the brain (Fig. 2C). In vitro com-
petitive binding assays were performed toFIGURE 1. Chemical structures of clinically evaluated 18F-labeled tau PET tracers and [18F]SNFT-1.
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compare the binding affinity and selectivity
of SNFT-1 with those of other reported tau
tracers for 3R/4R tau aggregates (Table 1).
SNFT-1 showed high affinity for 3R/4R tau
aggregates (half-maximal inhibitory concen-
tration [IC50], 0.84nM) but low binding
affinity (IC50 . 1,000nM) for MAO en-
zymes and amyloid aggregates. THK-
5351 and FDDNP showed high binding
affinity for MAO-B (THK-5351 IC50,
5.2 nM; FDDNP IC50, 6.5nM), and flortau-
cipir showed high binding affinity for MAO-
A (IC50, 8.8nM). The second-generation tau
tracers showed high selectivity for 3R/4R tau
aggregates, but PM-PBB3 showed moderate
binding affinity for amyloid aggregates (IC50,
12.8nM). To further characterize the binding
sites of tau PET tracers, in vitro competitive
binding to 3R/4R tau aggregates was exam-
ined using [18F]MK-6240, [18F]SNFT-1, and
[18F]PM-PBB3 as radioligands (Supplemen-
tal Fig. 1). [18F]SNFT-1 binding competed
with binding of MK-6240 and flortaucipir at
low nanomolar concentrations, and [18F]MK-
6240 binding competed with binding of
SNFT-1 and flortaucipir at low nanomolar
concentrations. [18F]PM-PBB3 binding did
not compete with binding of MK-6240,
flortaucipir, and SNFT-1 but partially com-
peted with binding of PiB ($80%; IC50,
88.9 nM), and PM-PBB3 competed with
the binding site of [3H]PiB (IC50, 9.9 nM).
The IC50 values of tau PET tracers deter-
mined using [18F]SNFT-1 correlated well
with those determined using [18F]MK-6240.

A B

C

FIGURE 2. (A) Saturation binding assay of [18F]SNFT-1 against inferior temporal brain homogenate
from patient with AD. (B) Correlation of binding ratio between [18F]SNFT-1 and [18F]MK-6240 against
AD brain homogenate (Braak VI). (C) Regional binding ratio of [18F]SNFT-1 and [18F]MK-6240 in AD
case. BmaxHi 5 high maximum number of binding sites; KDHi 5 high dissociation constant; NSB 5

nonspecific binding. *P, 0.05. ****P, 0.0001.

TABLE 1
LogP and Binding Affinities

Compounds HPLC LogP

Binding affinities

Tau aggregates* Amyloid aggregates MAO-A MAO-B

SNFT-1 1.34 0.84 .1,000 .1,000 .1,000

MK-6240 2.11 0.64 .1,000 .1,000 .1,000

PM-PBB3 2.00 28.4 (14.4 nM†) 12.8 .1,000 .1,000

PI-2620 1.34 1.32 .1,000 .1,000 .1,000

JNJ-067 2.38 1.07 .1,000 568 58.9

RO948 1.19 1.63 .1,000 .1,000 249

THK-5351 1.28 19.0 771 .1,000 5.2

Flortaucipir 1.65 0.28 .1,000 8.8 55.3

T808 1.96 2.16 .1,000 .1,000 .1,000

FDDNP 3.68 693 902 .1,000 6.5

*[18F]MK-6240 (2.3 nM) was used as radioligand.
†[18F]PM-PBB3 (2.5 nM) was used as radioligand.
HPLC 5 high-performance liquid chromatography.
Binding affinities are IC50 (nM).
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Receptor-binding screening assays also confirmed that no remarkable
interaction was detected between SNFT-1 and various receptors, ion
channels, or transporters (Supplemental Table 3).

In Vitro Autoradiography of Postmortem Human
Brain Sections
To further characterize the binding of [18F]SNFT-1 at early

stages of tau pathology in the human brain, in vitro autoradiogra-
phy was performed using medial temporal brain sections from indi-
viduals with low (II) and high (VI) Braak stages. [18F]SNFT-1
clearly visualized tau deposits in the entorhinal cortex brain sec-
tions with presentations of Braak stage II. Strong [18F]SNFT-1 sig-
nals were detected in the medial temporal cortex of Braak stage VI
brain samples. The spatial pattern of [18F]SNFT-1 binding was con-
sistent with that observed using tau immunohistochemistry (Fig. 3).
Similar to [18F]SNFT-1, other tau tracers ([18F]MK-6240,
[18F]PM-PBB3, [18F]PI-2620, [18F]RO-948, [18F]JNJ-067, and
[18F]flortaucipir) specifically bound to the area of tau deposition
(Fig. 3; Supplemental Fig. 2). [18F]PM-PBB3 showed greater bind-
ing in the uncus of the hippocampus than did the other tau PET

tracers (Supplemental Fig. 2). [18F]SNFT-1 and [18F]MK-6240
showed no remarkable binding in the choroid plexus, unlike the
prominent signal of [18F]PM-PBB3 in the choroid plexus (Fig. 3).
In contrast to the results from AD brain sections, no significant

binding of [18F]SNFT-1 was detected in progressive supranuclear
palsy brain sections, except in patient 6 (progressive supranuclear
palsy). Specific [18F]SNFT-1 signals in patient 6 corresponded
to tau immunohistochemistry (Fig. 4). Immunoblot analysis of
sarkosyl-insoluble tau in patient 6 showed 3 bands corresponding
to hyperphosphorylated full-length tau (60, 64, and 68 kDa)
detected using T46 (anti-tau C terminus) and 2 major bands
(60 and 64kDa) detected using RD3 (anti-three-repeat tau) (Fig. 4);
these results were consistent with those of AD, suggesting concomi-
tant binding in AD pathology. [18F]SNFT-1 showed no remarkable
binding to a-synuclein in the brain sections with presentation of
multiple-system atrophy or to transactivation response DNA-binding
protein (TDP-43) or transmembrane protein 106B (TMEM106B) in
the brain sections with presentation of frontotemporal lobar degener-
ation (FTLD), although TMEM106B aggregates were stained with
a fluorescent cross b-sheet ligand, BF-188 (Fig. 5).

Biodistribution and Metabolism of
[18F]SNFT-1 in Mice
[18F]SNFT-1 entered the brain immedi-

ately after being injected intravenously and
was rapidly washed out in mice without sig-
nificant defluorination (Fig. 6; Supplemental
Table 4). Estimation of [18F]SNFT-1 radia-
tion exposure was based on the biodistribu-
tion data of mice (Supplemental Table 5).
The resultant whole-body effective dose
equivalents were 14.1 mSv/MBq (male) and
17.5 mSv/MBq (female). [18F]SNFT-1 was
rapidly metabolized in mice. At 10min after
injection, only 8% of the parent [18F]SNFT-
1 remained in the plasma, whereas 2 polar
radiolabeled metabolites were observed. In
contrast, all radioactivity in the brain was
derived from the parent during the 10-min
period after intravenous administration
(Supplemental Fig. 3).

Animal Toxicity Studies
A single intravenous administration of

SNFT-1 at 1mg/kg, which is 100,000-fold
the intended clinical dose in humans,
caused no systemic toxicity in rats or mice.

DISCUSSION

We previously developed 18F-labeled
2-arylquinoline derivatives for imaging
pathologic tau aggregates (3). [18F]THK-
5351 PET studies showed prominent tracer
retention in both AD and non-AD brains
and nonnegligible tracer retention in the
basal ganglia and thalamus (17). Further
validation studies have shown that MAO-B
is an off-target binding site for [18F]THK-
5351, which limits the clinical utility of
[18F]THK-5351 as a tau biomarker (4,5).
However, [18F]THK-5351 PET studies have

FIGURE 3. Tau immunohistochemistry and in vitro autoradiograms of [18F]SNFT-1, [18F]]MK-6240,
[18F]PM-PBB3, and [18F]flortaucipir in medial temporal sections from cases presenting different
Braak stages (AD spectrum). AT8 5 anti-phosphorylated tau antibody; CA1 is the region in the
hippocampus circuit; FuG 5 fusiform gyrus; PHG 5 parahippocampal gyrus; PSP 5 progressive
supranuclear palsy; ROI5 region of interest; WM5 white matter.
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suggested that MAO-B is a promising target for the PET imaging of
reactive astrogliosis. Therefore, we developed [18F]SMBT-1 through
compound optimization of [18F]THK-5351 to reduce its binding affin-
ity for tau aggregates (11). We additionally performed lead optimiza-
tion of THK-5351 derivatives to generate a selective tau PET tracer
(18). The optimized tracer, [18F]SNFT-1, showed high binding affinity
and selectivity against pathologic tau aggregates in AD as evidenced in

the in vitro binding assay (dissociation con-
stant, 0.6nM) (Fig. 2). A head-to-head com-
parison of tau PET tracer performance in the
autoradiography of AD brains demonstrated
similar binding patterns among the tau PET
tracers. This finding was similar to that of
a previous comparative autoradiography
study of [3H]RO948, [3H]PI-2620, [3H]MK-
6240, and [3H]JNJ-067 (19). However, the
signal-to-background ratios differed between
the tracers (Fig. 3; Supplemental Fig. 2). The
signal-to-background ratio of [18F]SNFT-1 is
superior to that of second-generation tau tra-
cers. We performed comparative autoradiog-
raphy of tau PET tracers under the same
experimental conditions without using alco-
hols for the fixation and differentiation pro-
cesses because alcohols reduce nonspecific
radiotracer binding and enhance signal-to-
background ratio (20,21). Therefore, our
results are expected to accurately reflect the
binding properties of PET tracers under phys-
iologic conditions. These findings support
the superiority of [18F]SNFT-1 in detecting
early (Braak I–IV) tau pathology in the AD
continuum.
Recent innovations in cryoelectron micro-

scopy have revealed the atomic structure of
the tau PET ligand–tau aggregate complex,
identifying 2 major binding sites of PM-

PBB3 in the b-helix of paired helical filaments and straight filaments
and a third major site in the C-shaped cavity of straight filaments (22).
The competitive binding assay indicated that [18F]SNFT-1 shares the
binding sites with MK-6240 but not with PM-PBB3 (Supplemental
Fig. 1). The binding sites of PM-PBB3 were unique among the tau
PET tracers; nevertheless, [3H]PiB partially competed with the binding
sites of [18F]PM-PBB3 (IC50, 88.9nM). A study that originally used

BTA-1 (IC50, 379.1nM) reported similar
results (23). Additionally, recent autoradio-
graphic studies have demonstrated off-target
binding of PM-PBB3 to amyloid-b as evi-
denced by displacement with NAV-4694
(24,25).
[18F]flortaucipir PET studies have been

reported to recapitulate Braak stages that
follow stereotypic spatiotemporal patterns
(26,27). Autoradiography studies have
shown that [18F]flortaucipir binding corre-
lates well with tau immunohistochemistry
across different Braak stages (28). How-
ever, autopsy validation studies demon-
strated that [18F]flortaucipir PET could
detect advanced tau pathology (Braak
V–VI) but had low sensitivity for detect-
ing early tau burden (Braak I–IV) (7,8).
Here, [18F]flortaucipir was less sensitive in
detecting Braak stage II tau lesions than
was [18F]SNFT-1, possibly because of a
higher background signal. The presence of
the selective MAO-A inhibitor clorgyline
enhanced the signal-to-background ratio in

FIGURE 4. In vitro autoradiograms of [18F]SNFT-1 and tau immunohistochemistry against sections
presenting non-AD tauopathies. AT8 5 anti-phosphorylated tau antibody; NSB 5 nonspecific bind-
ing; PSP5 progressive supranuclear palsy.

FIGURE 5. In vitro autoradiogramsof [18F]SNFT-1, immunohistochemicalmarkers (a-synuclein, TDP-43,
and TMEM106B), and BF-188 staining against sections presenting multiple-system atrophy and TDP-43
proteinopathies.GRN5 progranulin gene;MSA5multiple-systematrophy;NSB5 nonspecificbinding.
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samples of early Braak stages (Supplemental Fig. 4), suggesting that
off-target binding of [18F]flortaucipir to MAO-A interferes with the
detection of Braak stage II tau pathology. Nevertheless, a recent study
reported that binding of [18F]flortaucipir to MAO-A does not affect
the PET signal in cortical target areas (29). Recent clinical studies on
[18F]MK-6240 have demonstrated early detection of tau aggregates in
the entorhinal cortex (30,31). The signal-to-background ratio of
[18F]SNFT-1 was equivalent to that of [18F]MK-6240, indicating the
potential usefulness of [18F]SNFT-1. Furthermore, [18F]SNFT-1 exhib-
ited little binding to the choroid plexus in vitro. [18F]PM-PBB3
showed high binding to the choroid plexus, which is consistent with
that observed in vivo (23). Second-generation tau PET tracers showed
less off-target binding to the basal ganglia but higher binding to the
skull or meninges in some individuals. Prediction of the in vivo off-
target binding of new PET tracers in humans based only on the results
of preclinical studies is challenging. Numerous factors, such as meta-
bolic, target, and methodologic issues, often hinder the successful
translation of the new tracers to clinical PET imaging. Future investi-
gations are needed to associate the in vitro and in vivo characteristics
of [18F]SNFT-1 binding and metabolism.
[18F]flortaucipir showed elevated tracer retention in regions that are

expected to harbor tau pathology in non-AD tauopathies such as pro-
gressive supranuclear palsy and chronic traumatic encephalopathy
(32,33). However, in vitro autoradiography studies have demonstrated
no significant specific binding in brain sections in non-AD cases
(32,34). Although most second-generation tau tracers do not bind to
non-AD tau aggregates, [18F]PI-2620 and [18F]PM-PBB3 have been
reported to detect non-AD tau aggregates (23,35). [18F]FDDNP,
which was the first reported PET tracer for imaging amyloid and tau
aggregates in AD brains (36), showed high binding affinity for MAO-
B (IC50, 6.5 nM). [18F]FDDNP PET studies have demonstrated ele-
vated tracer retention in the medial temporal lobe and neocortex in
AD and in sites susceptible to tau burden in progressive supranuclear
palsy and chronic traumatic encephalopathy (36–38), implying the
possibility of [18F]FDDNP binding to MAO-B. Here, [18F]SNFT-1
did not show specific binding in non-AD cases when concomitant
AD pathology was absent. Recently, in vitro head-to-head compari-
sons of 3H-labeled tau PET ligands, including [3H]MK-6240,
[3H]JNJ-067, [3H]GTP-1, [3H]CBD-2115, and [3H]PM-PBB3, were
reported in sections of postmortem amyotrophic lateral sclerosis brain
containing phosphorylated TDP-43 (24). No evidence of binding of
phosphorylated TDP-43 aggregates to any of the tau PET ligands
exists, nor did [18F]SNFT-1 bind to phosphorylated TDP-43 aggre-
gates in FTLD-TDP (Fig. 5). Recent cryoelectron microscopy analyses
identified TMEM106B as a novel protein filament in postmortem

brain tissues from various neurodegenerative conditions and normal
aging (39–41). A recent neuropathologic investigation reported that all
cases of frontotemporal dementia caused by mutations in the progranu-
lin gene showed high levels of TMEM106B aggregates (42); they are
present in a wide range of brain cell types, including the choroid
plexus epithelium, and correlate strongly with age, suggesting that
they are potential off-target substrates for tau PET tracers. The study
reported a lack of staining for any of the special histochemical stains
such as Congo red (42). However, a high density of thioflavin-
S–positive astrocytosis was previously observed in the superficial fron-
tal cortex of FTLD-TDP-A when stained with modified thioflavin-S
(43); they seemed to be TMEM106B aggregates because immunoreac-
tivity was highest in astrocytes (42). Here, a fluorescent b-sheet bind-
ing ligand, BF-188, stained TMEM106B aggregates in FTLD-TDP-A
(progranulin gene) (Fig. 5), whereas [18F]SNFT-1 showed no evidence
of binding with TMEM106B aggregates. Thus, [18F]SNFT-1 appears
to be a tau racer with high selectivity for paired-helical-filament tau.

CONCLUSION

[18F]SNFT-1 is a promising selective PET tracer candidate for
imaging tau aggregates in the AD spectrum. Future clinical studies
are needed to ascertain the utility of this tracer in vivo.
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KEY POINTS

QUESTION: What are the preclinical properties, such as specific
binding and off-target binding, of a newly generated tau
PET tracer, [18F]SNFT-1, compared with clinically applied
second-generation tau PET tracers?

PERTINENT FINDINGS: [18F]SNFT-1 possesses preferable
pharmacokinetic profiles and high affinity and high selectivity for AD
tau aggregates, with little nonspecific binding and off-target binding
compared with clinically applied second-generation tau PET tracers.

IMPLICATIONS FOR PATIENT CARE: Our results indicate the
potential use of [18F]SNFT-1 for sensitive and selective detection
of tau aggregates in humans.

A B

FIGURE 6. (A) Representative PET images of [18F]SNFT-1 at 0–2min
and 60–120min after its injection in normal mice. (B) Brain time–activity
curves after intravenous administration of [18F]SNFT-1 in normal mice (n5

4). qSUV5 quasi-SUV.
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PSMA-Negative Lesion Progression Under 177Lu-PSMA
Radioligand Therapy

Vishnu Murthy1, Martin Allen-Auerbach1, Richard Lam2, Dawn Owen3, Johannes Czernin1, and Jeremie Calais1

1Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, David Geffen School of
Medicine at UCLA, University of California Los Angeles, Los Angeles, California; 2Prostate Oncology Specialists, Marina Del Rey,
California; and 3Department of Radiation Oncology, Mayo Clinic, Rochester, Minnesota

This is the case of a 64-y-old man with metastatic castration-
resistant prostate cancer treated with 5 cycles of 177Lu-prostate-specific
membrane antigen (PSMA) radioligand therapy. After 2 cycles,
prostate-specific antigen levels declined from 26.1 to 15.2 ng/mL
(242%) and interim PSMA PET/CT showed an overall favorable
response with a decrease in whole-body PSMA tumor volume
(1,430 cm3 to 124 cm3, 291%) and no new lesions (Fig. 1A). Of
note, a liver lesion with high baseline PSMA expression (SUVmax,
28.0) showed a favorable response, with a decrease in size by CT
(Fig. 1B), whereas PSMA-negative liver lesions (SUVmax, 5.8) prog-
ressed, with significant increases in size (Fig. 1C). His prostate-
specific antigen level subsequently increased to 25 ng/mL after cycle
3, and he received 50 Gy delivered in 5 fractions of stereotactic body
radiation therapy to the progressing liver lesions concomitantly with
cycle 4, which led to a prostate-specific antigen nadir of 10.9 ng/mL.
Unfortunately, his prostate-specific antigen level increased after cycle
5 (16.1 ng/mL) and the patient was switched to docetaxel and carbo-
platin. His overall survival was 24 mo after baseline PET/CT.

Low PSMA expression in prostate cancer cells can lead to low
PSMA-targeted radiopharmaceutical uptake, insufficient radiation
dose delivery and subsequent growth of PSMA-negative lesions
(1). Here, we show different response patterns to PSMA radio-
ligand therapy in liver lesions with varying levels of baseline
PSMA expression. Parameters such as prostate-specific antigen or
whole-body PSMA tumor volume can mask disease heterogeneity.
Here, most of the disease responded positively to PSMA radio-
ligand therapy whereas a few known lesions progressed. No con-
clusion can be made on whether PSMA radioligand therapy
positively contributed to the overall survival of this patient, but
one could speculate on whether exposure to PSMA radioligand
therapy may promote the progression of aggressive PSMA-
negative lesions. Further research is necessary to assess whether
combining PSMA radioligand therapy with metastasis-directed
therapy can improve PSMA-negative outcomes of patients with an
overall high PSMA target expression and a limited number of
PSMA-negative lesions.

+ 2 cycles
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of 177Lu-
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PSMA-positive liver lesion on baseline PSMA PET/CT
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FIGURE 1. (A) 68Ga-PSMA-11 PET maximal-intensity-projection images at baseline and after 2 cycles of PSMA-RLT. (B) Segment 7 liver lesion
with high baseline PSMA expression (SUVmax, 28.0) showed favorable response, with decrease in size by CT (36 3 24 mm to 20 3 16 mm, 263%).
(C) Segment 4A and 7 liver lesions with no or low baseline PSMA expression (SUVmax, 5.8) progressed, with significant increases in size (32 3 23 mm to
623 62 mm,1422%, and 103 6 mm to 243 17 mm,1580%, respectively). RLT5 radioligand therapy.
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Erratum

In the article “Novel Framework for Treatment Response Eval-
uation Using PSMA PET/CT in Patients with Metastatic
Castration-Resistant Prostate Cancer (RECIP 1.0): An Interna-
tional Multicenter Study” by Gafita et al. (J. Nucl. Med.
2022;63:1651–1658), the graph in Figure 3C was incorrect. The
corrected panel is shown to the right. The text referring to
Figure 3C in the article reads “Sixteen (31%) of 52, 16 (59%)
of 27, and 40 (89%) of 45 patients” should read “Thirteen
(28%) of 46, 20 (61%) of 33, and 39 (87%) of 45 patients.” We
regret these errors.

Criterion Definition

New lesions

Appearance of $1 new lesion on the follow-up PSMA PET/CT defined as:

a. Any new focal uptake of PSMA ligand

! Higher than surrounding background

NL ! With tumor SUVmax . blood-pool SUVmax

! Not present on baseline scan (tumor SUVmax , blood-pool SUVmax)

! With tumor update not attributable to physiological uptake or pitfalls

b. Any new malignant lesion detected on follow-up CT images independent of PSMA
ligand uptake

RECIP

RECIP-CR Absence of any PSMA uptake on iPET

RECIP-PR PSMA-VOL_PR without appearance of new lesions

RECIP-PD PSMA-VOL_PD with appearance of new lesions

RECIP-SD Not sufficient decline in PSMA-VOL to qualify for PSMA-VOL_PR or PSMA-VOL_PR with
appearance of new lesions or not sufficient increase in PSMA-VOL to qualify for PSMA-
VOL_PD or PSMA-VOL_PD without appearance of new lesions

Response classifications

PSA Response: $50% decrease

Progression: $25% increase

RECIP Response: RECIP-PR

Progression: RECIP-PD

PSA 1 RECIP Response: PSA $ 50% decrease or RECIP-PR/RECIP-CR

Progression: PSA $ 25% increase or RECIP-PD

PSMA-NEGATIVE LESION PROGRESSION & Murthy et al. 1503
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2023 SNMMI Upcoming Webinars
Providing leading nuclear medicine and molecular imaging education is a critical part of our mission, and
SNMMI’s virtual curriculum gives you the flexibility to access this cutting-edge content where and when it
works best for you. By connecting you with relevant topics and key expert speakers, SNMMI gives you the
support needed to advance your career. Please note that all times listed are Eastern US Time.

s Whole Body PET
September 12 | 12:00-1:00 PM

s Recent Advances in Theranostic
Radiopharmaceuticals
September 18 | 12:00-1:00 PM

s Tutorials for Simulation, Data Analysis,
and Reconstruction
September 26 | 12:00-1:00 PM

s Career Panel with Women Leaders
September 28 | 12:00-2:00 PM

s Renal Functional Cortical Imaging with
99mTc-DMSA Training
September 28 | 2:00-3:00 PM

s FAPI PET: Make It or Break It?
October 10 | 12:00-1:00 PM

s The Role of [18F]FDG PET/CT in
Multiple Myeloma
October 18 | 12:00-2:00 PM

s Quick Tips for Planning & Execution
of Radiopharmaceuticals
November 2 | 12:00-1:00 PM

s Landscape of Molecular Imaging and
Fluid Biomarkers
November 14 | 12:00-1:00 PM

s PSMA PET
December 12 | 12:00-1:00 PM

Register today!
www.snmmi.org/webinars



SPONSORS

TITLE SPONSOR:

SILVER SPONSOR:

The SNMMI Therapeutics Conference is coming to Baltimore, Maryland on September 21-23, 2023!
This exciting event will bring together leaders in radiopharmaceutical therapy to explore the latest
innovations and advancements in the field.

This conference is a must-attend if you want to expand your knowledge and stay up-to-date on the
latest developments. With two-and-a-half days of informative sessions and networking opportunities,
you’ll have the chance to connect with colleagues, enhance your knowledge, learn from experts, and
gain invaluable insights.

This year’s program will focus on the latest innovations and clinical applications in radiopharmaceutical
therapy, including the following topic areas:
• Challenges of Practice in a Theranostics Clinic
• Therapeutic Dosimetry
• Dosimetry Case Review with the Experts
• Prostate Cancer
• New Targets Part I
• New Targets Part II

SATELLITE SYMPOSIA SPONSORS:

GOLD SPONSORS:

VISIT WWW.SNMMI.ORG/TC2023 TO REGISTER

• GEP NET
• Thyroid Diseases
• Radiopharmaceutical Supply Chain
• Clinical Trials & Research

in Therapeutics

BRONZE SPONSOR:
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