
FEATURED
ARTICLE

68Ga-NODAGA-Exendin-4 PET/CT Improves the Detection of Focal Congenital
Hyperinsulinism. Marti Boss et al. See page 310.

IMPACT FACTOR

#1 NUCLEAR MEDICINE,
MOLECULAR IMAGING AND

MOLECULAR RADIOTHERAPY

JOURNAL

Vol. 63 ■ No. 2 ■ February 2022

JNM
The Journal of Nuclear Medicine

10.057

Improved a-particle emitter for prostate cancer: 211At-labeled PSMA
targeting with a promising clinical profile. Ronnie Mease et al.
See page 259.



Cardiac PET offers advanced imaging with 
stronger prognostic power1 and shorter acquisition time.

While SPECT maintains its relevance, “the non-invasive gold standard for the assessment ofmyocardial blood flow,
and coronary microvascular disease, is positron emission tomography (PET) MPI.”2 –Journal of Nuclear Cardiology

can partner with you to help establish your cardiac PET program today – and well into the future.
Our RUBY-FILL® (Rubidium Rb 82 generator) and RUBY Rubidium Elution System™ is supported by comprehensive value-
added services, including reimbursement, education, and training, to ensure your department runs smoothly and efficiently.

RUBY™

Learn more at the Jubilant Radiopharma booth

Jubilant DraxImage Inc. dba Jubilant Radiopharma™
16751 Trans-Canada Highway, Kirkland, Quebec, Canada H9H 4J4
Phone: 1.888.633.5343 / 514.630.7080
www.jubilantradiopharma.com
© 2021-US-RUBY-00018

INDICATION FOR USE:
RUBY-FILL is a closed system used to produce rubidium Rb 82 chloride injection for intravenous use. Rubidium Rb 82 chloride injection
is a radioactive diagnostic for Positron Emission Tomography (PET) imaging of the myocardium under rest or pharmacologic stress
conditions to evaluate regional myocardial perfusion in adult patients with suspected or existing coronary artery disease. (1)

The risk information provided here is not comprehensive. Please visit RUBY-FILL.com for full Prescribing Information including the
BOXED WARNING. You are encouraged to report negative side effects of prescription drugs to the FDA. Visit www.fda.gov/Safety/MedWatch or
call 1-800-FDA-1088.

References: 1. Dorbala, S, DiCarli, M, Cardiac PET perfusion: prognosis, risk stratification, and clinical management. Semin Nucl Med. 2014;44(5):344-357. 2. Hage FG. Is SPECT myocardial perfusion imaging
on its dying bed? J Nucl Cardiol. 2021; in press.

WARNING: HIGH LEVEL RADIATION EXPOSURE WITH USE OF INCORRECT ELUENT AND FAILURE TO FOLLOW
QUALITY CONTROL TESTING PROCEDURE

Please see full prescribing information for complete boxed warning

High Level Radiation Exposure with Use of Incorrect Eluent
Using the incorrect eluent can cause high Strontium (Sr 82) and (Sr 85) breakthrough levels (5.1)
• Use only additive-free 0.9% Sodium Chloride Injection USP to elute the generator (2.5)
• Immediately stop the patient infusion and discontinue the use of the affected RUBY-FILL generator if the incorrect solution is used to elute

the generator (4)
• Evaluate the patient’s radiation absorbed dose and monitor for the effects of radiation to critical organs such as bone marrow (2.9)

Excess Radiation Exposure with Failure to Follow the Quality Control Testing Procedure
Excess radiation exposure occurs when the levels of Sr 82 or Sr 85 in the Rubidium Rb 82 Chloride injection exceed specified limits (5.2)
• Strictly adhere to the generator quality control testing procedure (2.6)
• Stop using the generator if it reaches any of its Expiration Limit (2.7)

ISN’T IT TIME TO EVOLVE YOUR CARDIAC IMAGING
PROGRAM INTO A STATE-OF-THE-ART PRACTICE?

IMPORTANT SAFETY INFORMATION:



RADIATION SAFETY,
EXPERTISE AND INNOVATION
Powered by an unstoppable drive for discovery.
Backed by 60+ years of radiation measurement,
innovation, and science expertise. Mirion’s trusted
family of brands and industry-leading products
and services are helping to advance human
health around the world.

Mirion, the Mirion logo, and other trade names of Mirion products listed
herein are registered trademarks or trademarks of Mirion Technologies, Inc.

or its affiliates in the United States and other countries.

BIO-331 - 11/2021

Visit capintec.com to learn how we can
support your unique requirements.

Driving Innovation, Together:

• Nuclear Medicine Devices
• Radiation Shielding and Accessories



EMPOWERING THE
EVOLUTION OF CARE
FOR PATIENTS WITH CANCER

Blue Earth Diagnostics, a subsidiary of Bracco Imaging S.p.A., is a growing international molecular

imaging company focused on developing and delivering innovative molecular imaging

technologies that inform diagnosis and treatment decisions for optimized patient outcomes.

Formed in 2014, the company’s success is driven by its management expertise and supported by

a demonstrated track record of rapid development and commercialization of positron emission

tomography (PET) radiopharmaceuticals. Blue Earth Diagnostics’ expanding oncology portfolio

encompasses a variety of disease states, including prostate cancer and neuro-oncology.

©2021 Blue Earth Diagnostics, Inc. All rights reserved.
BEDCOR21-0921

Learn more about Blue Earth Diagnostics’ innovative approach at

www.BlueEarthDiagnostics.com

Innovative solutions that transform
clinical management and patient care



Volume 63 ( Number 2 ( February 2022

SNMMI NEWSLINE

23N Joint NIBIB/NCI/SNMMI Workshop on Directly Imaging

Targeted Radionuclide Therapy Isotopes
I. George Zubal and Jacek Capala

26N DOE and HHS Certify Sufficient 99Mo Supplies

26N FDA Approves New 68Ga Kit for Prostate Cancer PET

27N SNMMI Leadership Update: SNMMI to Host Summits on

Artificial Intelligence and Patient Access
Richard L. Wahl

28N Newsbriefs

30N From the Literature

DISCUSSIONS WITH LEADERS

169 A European Oncology Leader Looks at PSMA: A

Conversation Between Silke Gillessen, Johannes

Czernin, and Ken Herrmann
Silke Gillessen, Johannes Czernin, and Ken Herrmann

THE STATE OF THE ART

172 AGuide toComBatHarmonization of ImagingBiomarkers in

Multicenter Studies
Fanny Orlhac, Jakoba J. Eertink, Anne-S%egol"ene Cottereau,

Jos%ee M. Zijlstra, Catherine Thieblemont, Michel Meignan,

Ronald Boellaard, and Ir"ene Buvat

HOT TOPICS

180 Is It Too Soon to Know When It’s LATE?
Angela C. Rieger and Daniel H.S. Silverman

FOCUS ON MOLECULAR IMAGING

183 Visualizing T-Cell Responses: The T-Cell PET Imaging

Toolbox
Chao Li, Chaozhe Han, Shao Duan, Ping Li, Israt S. Alam, and

Zunyu Xiao

STANDARD OF CARE

189 Management of Differentiated Thyroid Cancer: The

Standard of Care
AncaM. Avram, Katherine Zukotynski, Helen Ruth Nadel, and

Luca Giovanella

EDITORIAL

196 Managing a High-Specific-Activity Iobenguane Therapy

Clinic: From Operations to Reimbursement
Sophia R. O’Brien and Daniel A. Pryma

ONCOLOGY

Clinical

199 18F-FDG PET/CT Imaging Biomarkers for Early and Late

Evaluation of Response to First-Line Chemotherapy in

Patients with Pancreatic Ductal Adenocarcinoma
Matthias R. Benz, Wesley R. Armstrong, Francesco Ceci,

Giulia Polverari, Timothy R. Donahue, Zev A.Wainberg,

Andrew Quon, Martin Auerbach, Mark D. Girgis,

Ken Herrmann, et al.

205 131I-GD2-ch14.18 Scintigraphy to Evaluate Option for

Radioimmunotherapy in Patients with Advanced Tumors
Ying Zhang, Juergen Kupferschlaeger, Peter Lang, Gerald Reischl,

Rupert J. Handgretinger, Christian la Foug"ere, and

Helmut Dittmann

THERANOSTICS

Clinical

212 Detecting Fibroblast Activation Proteins in Lymphoma

Using 68Ga-FAPI PET/CT
Xiao Jin,MaomaoWei, ShuailiangWang,GuochangWang, Yumei Lai,

Yunfei Shi, Yan Zhang, Zhi Yang, and XuejuanWang

218 Efficacy and Safety of 177Lu-DOTATATE in Lung

Neuroendocrine Tumors: A Bicenter study
Lamiaa Zidan, Amir Iravani, Kira Oleinikov, Simona Ben-Haim,

David J. Gross, AmichayMeirovitz, Ophra Maimon, Tim Akhurst,

Michael Michael, Rodney J. Hicks, et al.

226 Tumor Sink Effect in 68Ga-PSMA-11 PET: Myth or Reality?
Andrei Gafita, HuiWang, Andrew Robertson,Wesley R. Armstrong,

Raphael Zaum,ManuelWeber, FaridYagubbayli, ClemensKratochwil,

Tristan R. Grogan, Kathleen Nguyen, et al.

233 aPROMISE: A Novel Automated PROMISE Platform to

Standardize Evaluation of Tumor Burden in 18F-DCFPyL

Images of Veterans with Prostate Cancer
NicholasNickols, AseemAnand,Kerstin Johnsson, JohanBrynolfsson,

Pablo Borreli, Neil Parikh, Jesus Juarez, Lida Jafari, Mattias Eiber, and

Matthew Rettig

240 Diagnostic Performance and Clinical Impact of
68Ga-PSMA-11 PET/CT Imaging in Early Relapsed

Prostate Cancer After Radical Therapy: A Prospective

Multicenter Study (IAEA-PSMA Study)
Juliano J. Cerci, Stefano Fanti, Enrique E. Lobato, Jolanta Kunikowska,

Omar Alonso, SevastianMedina, Fuad Novruzov, Thabo Lengana,

Carlos Granados, Rakesh Kumar, et al.

248 n BRIEF COMMUNICATION. The European Association

of Urology Biochemical Recurrence Risk Groups

Predict Findings on PSMA PET in Patients with

Biochemically Recurrent Prostate Cancer After

Radical Prostatectomy
Liang Dong, Yun Su, Yinjie Zhu, Mark C. Markowski, Mei Xin,

Michael A. Gorin, Baijun Dong, Jiahua Pan, Martin G. Pomper,

Jianjun Liu, et al.



253 Kidney Doses in 177Lu-Based Radioligand Therapy in

Prostate Cancer: Is Dose Estimation Based on Reduced

Dosimetry Measurements Feasible?
Michael Mix, Tobias Renaud, Felix Kind, Ursula Nemer,

Elham Yousetzadeh-Nowsha, Tumelo C.G. Moalosi,

AymenM. Ormrane, Philipp T. Meyer, and Juri Ruf

Basic

259 n FEATURED BASIC SCIENCE ARTICLE. An Improved
211At-Labeled Agent for PSMA-Targeted a-Therapy
Ronnie C. Mease, ChoongMo Kang, Vivek Kumar, Sangeeta

Ray Banerjee, Il Minn, Mary Brummet, Kathleen L. Gabrielson,

Yutian Feng, Andrew Park, Ana P. Kiess, et al.

INFECTIOUS DISEASE

Clinical

268 n INVITED PERSPECTIVE. Imaging in Post-COVID Lung

Disease: Does 18F-FDG PET/CT Have the Key?
Olivier Gheysens, Leïla Belkhir, and François Jamar

270 n BRIEF COMMUNICATION. Evolution of 18F-FDG PET/CT

Findings in Patients After COVID-19: An Initial Investigation
AndrewThornton,FrancescoFraioli, SimonWan,HelenS.Garthwaite,

Balaji Ganeshan, Robert I. Shortman, Raymond Endozo, Stefan V€o€o,

Irfan Kayani, Deena Neriman, et al.

274 Incidental Findings Suggestive of COVID-19 Pneumonia in

Oncologic Patients Undergoing 18F-FDGPET/CT Studies:

AssociationBetweenMetabolicandStructuralLungChanges
Cristina GamilaWakfie-Corieh, Federico Ferrando-Castagnetto,

AlbaMar%ıa Blanes Garc%ıa, Marta Garc%ıa Garc%ıa-Esquinas,
A%ıda Ortega Candil, Cristina Rodr%ıguez Rey,
Mar%ıa Nieves Cabrera-Mart%ın, Ana Delgado Cano, and
Jos%e Luis Carreras Delgado

CARDIOVASCULAR

Clinical

280 Comparing Semiquantitative and Qualitative Methods

of Vascular 18F-FDG PET Activity Measurement in

Large-Vessel Vasculitis
Himanshu R. Dashora, Joel S. Rosenblum, Kaitlin A. Quinn,

HughAlessi, ElaineNovakovich, Babak Saboury,MarkA.Ahlman, and

Peter C. Grayson

NEUROLOGY

Clinical

287 Dynamic Amyloid PET: Relationships to 18F-Flortaucipir Tau

PET Measures
Fabio Raman, Yu-Hua Dean Fang, Sameera Grandhi,

Charles F. Murchison, Richard E. Kennedy, John C. Morris,

ParinazMassoumzadeh, Tammie Benzinger, Erik D. Roberson, and

JonathanMcConathy

Basic

294 Relative Strengths of Three Linearizations of Receptor

Availability: Saturation, Inhibition, and Occupancy Plots
Javad Khodaii, Mostafa Araj-Khodaei, Manouchehr S. Vafaee,

Dean F. Wong, and Albert Gjedde

302 11C-PiB and 124I-Antibody PET Provide Differing Estimates

of Brain Amyloid-b After Therapeutic Intervention
Silvio R. Meier, Dag Sehlin, Sahar Roshanbin, Victoria Lim Falk,

Takashi Saito, Takaomi C. Saido, Ulf Neumann, Johanna Rokka,

Jonas Eriksson, and Stina Syv€anen

ENDOCRINOLOGY

Clinical

310 n FEATURED ARTICLE OF THE MONTH. 68Ga-NODAGA-

Exendin-4 PET/CT Improves the Detection of Focal

Congenital Hyperinsulinism
Marti Boss, Christof Rottenburger, Winfried Brenner,

Oliver Blankenstein, Vikas Prasad, Sonal Prasad, Paolo de Coppi,

Peter K€uhnen, Mijke Buitinga, Pirjo Nuutila, et al.

SPECIAL CONTRIBUTION

316 RADAR Guide: Standard Methods for Calculating Radiation

Doses for Radiopharmaceuticals, Part 1—Collection of

Data for Radiopharmaceutical Dosimetry
Michael G. Stabin, Richard E.Wendt, and Glenn D. Flux

LETTERS TO THE EDITOR

323 Commercially Competitive Vendor-Agnostic Image

Reconstruction Could Be a Leap Forward for PET

Harmonization
Adam L Kesner

324 A VISION of ALSYMPCA
Paulo SchiavomDuarte

324 Reply: A VISION of ALSYMPCA
Oliver Sartor

325 On Semiquantitative Methods for Assessing Vascular
18F-FDG PET Activity in Large-Vessel Vasculitis
Eric Laffon and Roger Marthan

326 Reply: On Semiquantitative Methods for Assessing

Vascular 18F-FDG PET Activity in Large-Vessel

Vasculitis
Mark A. Ahlman, RobertoMaass-Moreno, and Peter C. Grayson

DEPARTMENTS

10A This Month in JNM

19A Recruitment

252 Erratum



MISSION STATEMENT: The Journal of Nuclear Medicine advances the knowledge and
practice of molecular imaging and therapy and nuclear medicine to improve patient care
through publication of original basic science and clinical research.

JNM (ISSN 0161-5505 [print]; ISSN 2159-662X [online]) is published monthly by
SNMMI, 1850 Samuel Morse Drive, Reston, VA 20190-5316. Periodicals postage is paid
at Herndon, VA, and additional mailing offices. Postmaster, send address changes to
The Journal of Nuclear Medicine, 1850 Samuel Morse Drive, Reston, VA 20190-5316.
The costs of publication of all nonsolicited articles in JNM were defrayed in part by
the payment of page charges. Therefore, and solely to indicate this fact, these articles are
hereby designated “advertisements” in accordance with 18 USC section 1734.

DISCLOSURE OF COMMERCIAL INTEREST: Johannes Czernin, MD, editor-in-
chief of The Journal of Nuclear Medicine, has indicated that he is a founder of Sofie
Biosciences and holds equity in the company and in intellectual property invented by him,
patented by the University of California, and licensed to Sofie Biosciences. He is also a
founder and board member of Trethera Therapeutics and holds equity in the company and
in intellectual property invented by him, patented by the University of California, and
licensed to Triangle. He also serves on the medical advisory board of Actinium Pharmaceuti-
cals and on the scientific advisory boards of POINT Biopharma, RayzeBio, and Jubilant
Pharma and is a consultant for Amgen. No other potential conflicts of interest were reported.
Manuscripts submitted to JNM with potential conflicts are handled by a guest editor.

EDITORIAL COMMUNICATIONS should be sent to: Editor-in-Chief, Johannes Czernin,
MD, JNM Office, SNMMI, 1850 Samuel Morse Drive, Reston, VA 20190-5316. Phone:
(703) 326-1185; Fax: (703) 708-9018. To submit a manuscript, go to https://submit-jnm.
snmjournals.org.

BUSINESS COMMUNICATIONS concerning permission requests should be sent to the
publisher, SNMMI, 1850 Samuel Morse Drive, Reston, VA 20190-5316; (703) 708-9000;
home page address: jnm.snmjournals.org. Subscription requests and address changes
should be sent to Membership Department, SNMMI at the address above. Notify the Soci-
ety of change of address and telephone number at least 30 days before date of issue by
sending both the old and new addresses. Claims for copies lost in the mail are allowed
within 90 days of the date of issue. Claims are not allowed for issues lost as a result of in-
sufficient notice of change of address. For information on advertising, contact Team
SNMMI (Kevin Dunn, Rich Devanna, and Charlie Meitner; (201) 767-4170; fax: (201)
767-8065; TeamSNMMI@cunnasso.com). Advertisements are subject to editorial approval
and are restricted to products or services pertinent to nuclear medicine. Closing date is the
first of the month preceding the date of issue.

INDIVIDUAL SUBSCRIPTION RATES for the 2022 calendar year are $603 within the
United States and Canada; $648 elsewhere. Make checks payable to the SNMMI. CPC
IPM Sales Agreement No. 1415158. Sales of individual back copies from 1999 through the
current issue are available for $60 at http://www.snmmi.org/subscribe (subscriptions@
snmmi.org; fax: (703) 667-5134). Individual articles are available for sale online at http://jnm.
snmjournals.org.

COPYRIGHT © 2022 by the Society of Nuclear Medicine and Molecular Imaging. All
rights reserved. No part of this work may be reproduced or translated without permission from
the copyright owner. Individuals with inquiries regarding permission requests, please visit
http://jnm.snmjournals.org/site/misc/permission.xhtml. Because the copyright on articles
published in The Journal of Nuclear Medicine is held by the Society, each author of accepted
manuscripts must sign a statement transferring copyright (available for downloading at
http://jnm.snmjournals.org/site/misc/ifora.xhtml). See Information for Authors for further
explanation (available for downloading at http://www.snmjournals.org/site/misc/ifora.xhtml).

The ideas and opinions expressed in JNM do not necessarily reflect those of the SNMMI or
the Editors of JNM unless so stated. Publication of an advertisement or other product
mentioned in JNM should not be construed as an endorsement of the product or the
manufacturer’s claims. Readers are encouraged to contact the manufacturer with any
questions about the features or limitations of the products mentioned. The SNMMI does
not assume any responsibility for any injury or damage to persons or property arising from
or related to any use of the material contained in this journal. The reader is advised to
check the appropriate medical literature and the product information currently provided by
the manufacturer of each drug to be administered to verify the dosage, the method and
duration of administration, and contraindications.

Publications Committee

Todd E. Peterson, PhD, FSNMMI

Chair

Carolyn Anderson, PhD, FSMMMI

Paige B. Bennett, MD

Joyita Dutta, PhD

Michael M. Graham, PhD, MD, FSNMMI

Hossein Jadvar, MD, PhD, FACNM,

FSNMMI

Steven M. Larson, MD, FACNM

HeinrichR. Schelbert,MD, PhD, FSNMMI
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Managing a 131I-MIBG therapy clinic:
O’Brien and Pryma discuss the operational
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high-specific-activity 131I-MIBG in patients
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glioma, including observations from a decade
of personal experience. . . . . . . . . . .Page 196

Imaging biomarkers in PDAC: Benz and
colleagues assess 18F-FDGPET/CTas an early
and late interim imaging biomarker in patients
with pancreatic ductal adenocarcinoma who
undergo first-line systemic therapy. Page 199

131I-GD2 scintigraphy before RIT: Zhang
and colleagues assess tumor targeting and bio-
distribution of a 131I-labeled chimeric GD2-
antibody clone 14/18 in patients with late-
stage neuroblastoma, sarcoma, pheochromo-
cytoma, or neuroendocrine tumors to identify
eligibility for radioimmunotherapy. Page 205
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of disease. . . . . . . . . . . . . . . . . . . . .Page 212
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Tumor sink effect inPSMAPET:Gafita and
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Nickols and colleagues introduce an auto-
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prostate cancer. . . . . . . . . . . . . . . . .Page 259

Post-COVID PET/CT in lung disease:
Gheysens and colleagues look at current expe-
rience and limited data on the value of
18F-FDG PET/CT in COVID-19 lung disease
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issue of JNM. . . . . . . . . . . . . . . . . .Page 268

PET/CT findings after COVID-19: Thorn-
ton and colleagues describe experience with
the temporal evolution of pulmonary 18F-
FDG uptake in patients with COVID-19 and
post–COVID-19 lung disease. . . . .Page 270

COVID-19 PET and CT lung changes:
Wakfie-Corieh and colleagues explore the
potential added diagnostic value of 18F-FDG
PET/CT in asymptomatic cancer patients
with suspected COVID-19 pneumonia by
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . .Page 274
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and semiquantitative scoring methods for
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colleagues investigate whether early-frame
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daii and colleagues determine the accuracy
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of receptor availability (saturation, inhibition,
and occupancy plots) in molecular imaging
with PET. . . . . . . . . . . . . . . . . . . . .Page 294

11C-PiBversus 124I-antibodyPET:Meier and
colleagues compare an antibody-based PET
ligand targeting nonfibrillar amyloid-b with
11C-PiB after b-secretase inhibition in Alz-
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stage amyloid-b pathology.. . . . . . . .Page 302

68Ga-NODAGA-exendin-4 PET/CT in focal
CHI:Boss and colleagues compare the perfor-
mance of this new radiolabeled exendin-4
tracer with that of 18F-DOPA PET/CT in pre-
operative detection of focal congenital hyperin-
sulinism. . . . . . . . . . . . . . . . . . . . . . Page 310

Standard methods for dose calculations:
Stabin and colleagues present standardized
methods for collectingdata to be used in radio-
pharmaceutical dose calculations, with steps
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The RadioGenix® System is a technetium Tc-99m generator used to produce Sodium Pertechnetate Tc 99m Injection, USP.
Sodium Pertechnetate Tc 99m Injection is a radioactive diagnostic agent and can be used in the preparation of FDA-
approved diagnostic radiopharmaceuticals.

Sodium Pertechnetate Tc 99m Injection is also indicated in
• Adults for Salivary Gland Imaging and Nasolacrimal Drainage System Imaging (dacryoscintigraphy).
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Important Risk Information
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• Sodium Pertechnetate Tc 99m Injection contributes to a patient’s long-term cumulative radiation exposure. Ensure safe handling to
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unintentional radiation exposure. Encourage patients to drink fluids and void as frequently as possible after intravenous or intravesicular
administration. Advise patients to blow their nose and wash their eyes with water after ophthalmic administration.

• Radiation risks associated with the use of Sodium Pertechnetate Tc 99m Injection are greater in children than in adults and, in general, the
younger the child, the greater the risk owing to greater absorbed radiation doses and longer life expectancy. These greater risks should be
taken firmly into account in all benefit-risk assessments involving children. Long-term cumulative radiation exposure may be associated
with an increased risk of cancer.
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the potential hazards.
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Radioisotopes. Do not administer Sodium Pertechnetate Tc 99m Injection after the 0.15 microCi of Mo-99/mCi of Tc-99m limit has been
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provided in the Operator’s Guide, RadioGenix System 1.2.
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Radioisotopes, LLC at 1-844-438-6659; or FDA at 1-800-332-1088 or
www.fda.gov/medwatch.
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Register today!
www.snmmi.org/2022HotTopics

The 2022 ACNM/SNMMI HOT TOPICS Webinar Series
This monthly webinar series—complimentary for ACNM and SNMMI members—will focus on newly
FDA-approved radiotracers, next generation technology, and mastering focused topics with expert
presenters.

American College of Nuclear Medicine

s PSMA PET: FDA Approved and Coming to a
Hospital Near You
On-Demand | Speaker: Steven Rowe, MD, PhD

s Pediatric PET: High Yield Uses and Opportunities
February 22 | Speaker: Helen Nadel, MD, FRCPC,

FSNMMI
s Fluciclovine (Axumin) PET/CT for Prostate Cancer

March 15 | Speaker: Jonathan McConathy, MD, PhD
s ER Targeted PET with 18F-Fluoroestradiol

(Cerianna): Applications and Interpretation
April 19 | Speaker: Gary Ulaner, MD, PhD, FACNM

s PET/MR: Where Can My Patients Benefit?
May 17 | Speaker: Patrick Veit-Haibach, MD

s Cardiac Amyloid and Sarcoid: Tips for Reading
like an Expert
July 19 | Speaker: Sharmila Dorbala, MD

s Lung Nodules on PET/CT: Mastering the Proper
Work-Up
August 16 | Speaker: David M. Naeger, MD

s Neuroendocrine Tumor (NET) Theranostics:
Only the Beginning
September 20 | Speaker: Lisa Bodei, MD, PhD

s Dementia imaging: Rapidly Growing Youth in
Nuclear Medicine
October 18 | Speaker: Phillip Kuo, MD, PhD

s Head & Neck: Critical Anatomy for PET/CT
November 15 | Speaker: Twyla B. Bartel, DO, FACNM,

FSNMMI

s Sodium Fluoride PET: Mastering Normal and
Abnormal
December 20 | Speaker: Ora Israel, Sr., MD, FSNMMI

All webinars will take
place at 12:00 pm ET
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Add an SNMMI Council or Center of Excellence affiliation to your membership
and receive additional networking and educational opportunities tied to a
specialty area of SNMMI.



Explore SNMMI’s Online Career Center!
Explore the benefits of SNMMI’s online career center

by logging in or creating a new account today.

*Note: Single sign-on has been enabled for this platform and you can use your member login credentials to access the
Career Center. If you are unsure of your password, to go to the SNMMI password reset link to create a new password.

careercenter.snmmi.org

The NuclearMedicine clinic of the Department of Molecular and
Medical Pharmacology, David Geffen School of Medicine at UCLA, is
currently recruiting residents and fellows for its clinical programs.

The clinic features a busy outpatient theranostics program targeting
PSMA and SSRs and extensive experience in 68Ga-PSMA and
DOTATATE imaging. We are also involved in broad translational
research activities utilizing state of the art preclinical imaging and basic
biology facilities, multiple state of the art PET/CT and SPECT/CT
systems, and a leading brain imaging research program.

We are accepting applications for:

Three-year program for NuclearMedicine ABNM
eligibility/certification. Completion of prior one-year clinical internship
is required before the start of the program.

One-year program for thosewho are ABR board eligible/board certified
after completion of Radiology residency training.

Two-year program for ABNMeligibility for ABIMeligible/board
certified candidates who have completed Internal Medicine residency.

Applicants should submit a CV and three letters of reference to Pawan
Gupta, MD, pawangupta@mednet.ucla.edu or to Soosan Roodbari,
sroodbari@mednet.ucla.edu. For more information about our
programs, visit our website: https://www.uclahealth.org/nuc/residency

The University of California is an Equal Opportunity/Affirmative Action Employer. All
qualified applicants will receive consideration for employment without regard to race,
color, religion, sex, sexual orientation, gender identity, national origin, disability, age or
protected veteran status. For the complete University of California nondiscrimination and
affirmative action policy, see: UC Nondiscrimination & Affirmative Action Policy.

Learn more
about becoming
a Value Initiative
Industry Alliance

Member Company:

valueinitiative.snmmi.org
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DATE

MARCH 10-12, 2022 • NEW ORLEANS, LA

Register now to attend the SNMMI 2022 Therapeutics Conference, taking
place March 10-12 in New Orleans, LA.

As an attendee, you’ll have the opportunity to connect directly with an esteemed
group of experts and learn more about the latest innovations and clinical
applications in radiopharmaceutical therapy.

Topics include:
Operational Issues
Radiation Safety and Research
MIBG
Dosimetry
Lymphoma/Leukemia

Neuroendocrine Cancer
Prostate Cancer
Thyroid
Future Strategies for
Radiopharmaceutical Therapy

Join us in New Orleans, reconnect with colleagues, and be part of the discussion on
the future of personalized medicine.

Learn more and register today!
www.snmmi.org/TC2022

Explore the Latest Innovations
and Clinical Applications in
Radiopharmaceutical Therapy
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*Study design1: An open-label, single-dose, single-arm, single-center prospective study to evaluate the sensitivity and
specificity of Detectnet PET/computed tomography (CT) imaging in 63 subjects (42 with known or suspected NETs and
21 healthy volunteers) against an independent reader’s standard of truth (SOT) for each subject. PET/CT scans were
taken ~60 minutes after a single IV dose of 148 MBq ± 10% of Detectnet.
A limitation was 3 mistaken SOT determinations, but these were revised. The SOT reads for 3 subjects were incorrectly
recorded as NET-positive instead of NET-negative. Because the objective of the study was to assess the performance of
the PET/CT scan and not the SOT, the corrected values are shown.
References: 1. Delpassand ES, Ranganathan D, Wagh N, et al. J Nucl Med. 2020. doi:10.2967/jnumed.119.236091.
2. Referenced with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for
Neuroendocrine and Adrenal Tumors V.1.2021. © National Comprehensive Cancer Network, Inc. 2021. All rights
reserved. Accessed April 15, 2021. To view the most recent and complete version of the guideline, go online to
NCCN.org. 3. Pfeifer A, Knigge U, Mortensen J, et al. J Nucl Med. 2012;53(8):1207-1215. 4. Detectnet. Package insert.
Curium US LLC; September 2020.
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about Detectnet

and place an order.

INDICATIONS
Detectnet is indicated for use with positron emission tomography (PET) for localization of somatostatin receptor
positive neuroendocrine tumors (NETs) in adult patients.

IMPORTANT RISK INFORMATION
WARNINGS AND PRECAUTIONS
Risk for Image Misinterpretation: The uptake of copper Cu 64 dotatate reflects the level of somatostatin receptor
density in NETs, however, uptake can also be seen in a variety of other tumors that also express somatostatin
receptors. Increased uptake might also be seen in other non-cancerous pathologic conditions that express
somatostatin receptors including thyroid disease or in subacute inflammation, or might occur as a normal physiologic
variant (e.g. uncinate process of the pancreas).
A negative scan after the administration of Detectnet in patients who do not have a history of NET disease does not rule
out disease.
Please see Brief Summary of Prescribing Information on the following page.

AccessAccuracy

Visit Detectnet.com to learn more.

INCLUDED IN NCCN CLINICAL
PRACTICE GUIDELINES IN ONCOLOGY
(NCCN GUIDELINES®)
Effective 4/14/2021, included in the
NCCN Guidelines® version 1.2021 for
the evaluation of NETs.2

See NET imaging in a different light
The high accuracy and accessibility of Detectnet enable timely
neuroendocrine tumor (NET) detection, diagnosis, and treatment planning1

ACCURACY

• In a phase 3 study, Detectnet had over
98% accuracy, 100% sensitivity, and
96.8% specificity to confirm or exclude
presence of disease1*

ACCESS

• 12.7-hour half-life of Cu 64 facilitates
an unrestricted number of doses and
allows flexible scheduling for you
and your patients1,3,4



Detectnet™ (copper Cu 64 dotatate injection), for intravenous use

BRIEF SUMMARY OF FULL PRESCRIBING INFORMATION

(For complete details, please see full Prescribing Information
available at www.curiumpharma.com)

INDICATIONS AND USAGE

Detectnet is a radioactive diagnostic agent indicated for use
with positron emission tomography (PET) for localization of
somatostatin receptor positive neuroendocrine tumors (NETs)
in adult patients.

CONTRAINDICATIONS

None.

WARNINGS AND PRECAUTIONS

Radiation Risk: Diagnostic radiopharmaceuticals, including
Detectnet, contribute to a patient’s overall long-term cumulative
radiation exposure. Long-term cumulative radiation exposure is
associated with an increased risk of cancer. Ensure safe handling
and preparation procedures to protect patients and health care
workers from unintentional radiation exposure. Advise patients
to hydrate before and after administration and to void frequently
after administration [see Dosage and Administration (2.1, 2.3) in
the full Prescribing Information].

Risk for Image Misinterpretation: The uptake of copper Cu 64
dotatate reflects the level of somatostatin receptor density in NETs,
however, uptake can also be seen in a variety of other tumors that
also express somatostatin receptors. Increased uptake might also
be seen in other non-cancerous pathologic conditions that express
somatostatin receptors including thyroid disease or in subacute
inflammation, or might occur as a normal physiologic variant (e.g.
uncinate process of the pancreas) [see Dosage and Administration
(2.5) in the full Prescribing Information].

A negative scan after the administration of Detectnet in patients
who do not have a history of NET disease does not rule out disease
[see Clinical Studies (14) in the full Prescribing Information].

ADVERSE REACTIONS

Clinical Trials Experience: Because clinical trials are conducted
under widely varying conditions, adverse reaction rates observed
in the clinical trials of a drug cannot be directly compared to rates
in the clinical trials of another drug and may not reflect the rates
observed in practice.

In safety and efficacy trials, 71 subjects received a single dose
of Detectnet. Of these 71 subjects, 21 were healthy volunteers
and the remainder were patients with known or suspected NET.

The following adverse reactions occurred at a rate of < 2%:

• Gastrointestinal Disorders: nausea, vomiting

• Vascular Disorders: flushing

In published clinical experience, 126 patients with known history of
NET received a single dose of copper Cu 64 dotatate injection. Four
patients were reported to have experienced nausea immediately
after injection.

DRUG INTERACTIONS

Somatostatin Analogs: Non-radioactive somatostatin analogs and
copper Cu 64 dotatate competitively bind to somatostatin receptors
(SSTR2). Image patients just prior to dosing with somatostatin
analogs. For patients on long-acting somatostatin analogs,

a wash-out period of 28 days is recommended prior to imaging.
For patients on short-acting somatostatin analogs, a washout
period of 2 days is recommended prior to imaging [see Dosage and
Administration (2.3) in the full Prescribing Information].

USE IN SPECIFIC POPULATIONS

Pregnancy

Risk Summary

All radiopharmaceuticals, including Detectnet, have the potential to
cause fetal harm depending on the fetal stage of development and
the magnitude of the radiation dose. Advise a pregnant woman of
the potential risks of fetal exposure to radiation from administration
of Detectnet.

There are no data on Detectnet use in pregnant women to evaluate
for a drug-associated risk of major birth defects, miscarriage, or
adverse maternal or fetal outcomes. No animal reproduction studies
have been conducted with copper Cu 64 dotatate injection.

The estimated background risk of major birth defects and miscarriage
for the indicated population is unknown. All pregnancies have a
background risk of birth defects, loss, or other adverse outcomes.
In the U.S. general population, the estimated background risk of major
birth defects and miscarriage in clinically recognized pregnancies is
2% to 4% and 15% to 20%, respectively.

Lactation

Risk Summary

There are no data on the presence of copper Cu 64 dotatate in
human milk, the effect on the breastfed infant, or the effect on milk
production. Lactation studies have not been conducted in animals.

Advise a lactating woman to interrupt breastfeeding for 12 hours
after Detectnet administration in order to minimize radiation
exposure to a breastfed infant.

Pediatric use: The safety and effectiveness of Detectnet have not
been established in pediatric patients.

Geriatric use: Clinical studies of Detectnet did not include sufficient
numbers of subjects aged 65 and over to determine whether they
respond differently from younger subjects. Other reported clinical
experience has not identified differences in responses between
the elderly and younger patients. In general, dose selection for an
elderly patient should be cautious, usually starting at the low end
of the dosing range, reflecting the greater frequency of decreased
hepatic, renal, or cardiac function, and of concomitant disease or
other drug therapy.

OVERDOSAGE

In the event of a radiation overdose, the absorbed dose to the
patient should be reduced where possible by increasing the
elimination of the radionuclide from the body by reinforced hydration
and frequent bladder voiding. A diuretic might also be considered.
If possible, estimation of the radioactive dose given to the patient
should be performed.
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Joint NIBIB/NCI/SNMMI Workshop on Directly Imaging
Targeted Radionuclide Therapy Isotopes
I. George Zubal, PhD, National Institute of Biomedical Imaging and Bioengineering, Bethesda, MD, and

Jacek Capala, PhD, DSc, National Cancer Institute, Bethesda, MD

T
he National Institute of Biomedical Imaging and
Bioengineering (NIBIB), the National Cancer Institute
(NCI), and SNMMI organized a virtual workshop titled

“Engineering New Instrumentation for Imaging Unsealed
Source Radiotherapy Agents” on August 16 and 17, 2021. The
impetus for this workshop was introduced by an earlier News-
line article, “Time for a next-generation nuclear medicine g
camera?” (2020;61[7]:16N), asking whether we need to recon-
sider instrumentation used for theranostic methods with elec-
tron- and a-emitting unsealed sources for recently emerging
cancer therapies.

The workshop convened physicians and scientists from rel-
evant fields to investigate the clinical challenges of treating
cancer and to discuss possible technical developments in imag-
ing instrumentation for improving outcomes. Panel sessions
focused on the clinical applications of radiopharmaceutical
therapy (RPT), as well as isotope production and dosimetry’s
roles in delivering safe and effective therapies. The workshop
was moderated by George Zubal, PhD, Program Director for
Nuclear Medicine (NIBIB), and Jacek Capala, PhD, DSc, Pro-
gram Director, Radiation Research Program, Division of Can-
cer Treatment and Diagnosis (NCI).

Kris Kandarpa, MD, PhD, Director of NIBIB’s Research
Sciences and Strategic Directions, opened the workshop with
a welcome message outlining NIBIB’s mission to develop
imaging methods that lead to personalized precision medi-
cine. He encouraged participants to evaluate recent achieve-
ments in PET and consider how similar future improvements
could be achieved with a-emitter imaging.

Session 1: Overview of Diagnostic/Therapy Practice
The first workshop session started with a talk by Steven

Larson, MD (Memorial Sloan Kettering Cancer Center; New
York, NY), describing the therapeutic advantages of a-emitting
isotopes. Alpha particles are characterized by double-strand
break triggering, high linear energy transfer, relatively short
range, greater relative biological effectiveness, and a low oxy-
gen enhancement ratio. Dr. Larson and his team have demon-
strated 3 separate therapy protocols that work quite well, with
good therapeutic indices associated with cures. Reporting from
the same institution, John Humm, PhD, covered specific clas-
ses of a-emitting radionuclides, which can be simple (those
that decay to stable or non–a-emitting progeny) or complex
(those with radioactive a-emitting progeny). He pointed to
211At as possibly the best a emitter that does not exhibit prob-
lematic progeny. This has great potential if concerns about its
challenging radiochemistry can be resolved. He emphasized
dosimetry problems with imaging a-emitting radionuclides,

related to the limited resolution of current SPECT cameras,
where images of a sources cannot provide accurate informa-
tion at the relevant cellular target level for microdosimetry.

Daniel Pryma, MD (University of Pennsylvania; Philadel-
phia) explained current RPT practices using 131I-MIBG, which
was developed in 1980 and received therapeutic FDA approval
in 2018. Several dosimetric challenges are associated with these
studies, including the fact that dosimetry image acquisition
requires several visits to the imaging department. Work is being
done to use population inputs and information about typical
patient kinetics to simplify this process. Michael King, PhD
(University of Massachusetts Medical School; Worcester),
reviewed manufacturers who have developed dedicated cardiac
SPECT systems. These have smaller heads to get closer to
patients or 2 heads oriented at 90! for efficient acquisition over
180!. Other advancements (new radiopharmaceutical develop-
ments, imaging system design optimization, software advances,
and guidelines/standards) facilitated by medical societies have
played a role in establishing and enhancing the clinical utility
of cardiac SPECT. The hope is that SPECT will also play a
role in similar developments for unsealed source radiotherapy
agents. The last speaker in this session, Robert Mach, PhD
(University of Pennsylvania; Philadelphia), detailed his research
findings indicating that SPECT is comparable to PET in studies
with high target density or in studies with lower target density
in a control group. He further noted that SPECT can be used to
separate the photopeaks between 123I and 99mTc to quantify
uptake of the 2 isotopes and measure both terminal density and
cerebral blood flow. This could be applied to imaging parent
and progeny isotopes in RTP, which is not possible with PET
because of the 511-keV emissions of all PET isotopes.

Panel Discussion: Sarah Cheal, PhD (Memorial Sloan Ket-
tering; New York, NY), Robert Miyaoka, PhD (University of
Washington School of Medicine; Seattle), Emilie Roncali, PhD
(University of California Davis), and Vikram Bhadrasain, MD
(NCI) participated in a discussion and Q&A with session pre-
senters. Several interesting topics were raised, including 213Bi
dosimetry, comparison to external-beam doses, and develop-
ment of cameras for specific tasks. Other topics included anti-
bodies in theranostics and sensitivity of SPECT for dosimetry
imaging. This led to a discussion of possible new g detectors
and collimator-less cameras. Concluding comments addressed
the SNMMI Dosimetry Challenge and ways in which custom-
izing doses to specific patients could improve outcomes.

Session 2: Overview of Imaging
The next workshop session began with an overview from

Ben Tsui, PhD (Johns Hopkins University School of Medicine;
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Baltimore, MD), who summarized SPECT development over
the past decades. He noted that 2 major breakthroughs have
made quantitative SPECT more practical: maximum-likelihood
expectation maximization and ordered-subset expectation maxi-
mization algorithms. In addition, quantitative SPECT has sev-
eral important implementation requirements, including good
quality of SPECT images, good quality of CT images, and
accurate alignment of SPECT and CT images to reduce mis-
registration of image artifacts and to apply attenuation cor-
rections. Also from Johns Hopkins, Eric Frey, PhD,
reminded attendees that, when conducting targeted radionu-
clide therapy, the main objectives are to avoid significant
toxicity in normal tissues and to deliver a lethal dose to
tumors; hence, it is necessary to image both large and small
organs to obtain accurate voxels for 3D dosimetry. He
explained issues that must be addressed to achieve these
improvements: new detector materials with improved energy
resolution and better intrinsic spatial resolution, novel colli-
mation geometries, improved intrinsic resolution, and more
detector areas with larger axial fields of view.

The third speaker in the session, Ling-Jian Meng, PhD
(University of Illinois at Urbana-Champaign), reviewed a
proposed camera design applying the concept of hyperspec-
tral SPECT imaging, which could allow multiisotopic, multi-
functional molecular imaging using various combinations of
radiotracers. Based on his innovative sensor work, his team
has been developing preclinical and clinical imaging systems
that show promise for routine imaging in humans. He con-
cluded that, given improvements in sensor spatial resolution
and sensitivity, it may be time to revisit Compton cameras as
a possibility to improve SPECT imaging. Todd Peterson,
PhD (Vanderbilt University; Nashville, TN), presented his
unique camera design integrating a high-purity germanium
detector camera with a MicroCAT II CT scanner. Using this
system, he was able to demonstrate multiisotope capabilities
and compared his camera to other systems, demonstrating
that germanium could set very narrow photopeak energy
windows. His team is also working on mechanical cooling to
reduce power consumption. Lars Furenlid, PhD (University
of Arizona; Tucson), oversees a lab that develops technolo-
gies to image g rays, principally for SPECT, which are either
semiconductor- or scintillator-based. His current designs
include a third-generation cross-strip cadmium telluride
detector, a hybrid photomultiplier tube/silicon photomulti-
plier (SiPM) scintillation camera, and a third-generation
large-area ionizing radiation quantum imaging detector cam-
era. He summarized the many opportunities for fundamental
advancements in SPECT imaging of a emitters, noting that
development is needed in the theory of mathematics as well
as new mathematical observers, estimation methods, and
spectrum-aware reconstruction methods. Also needed are
larger area high-Z semiconductors; high-Z, high-light-output
scintillators; large-area gaseous or solid-state electron multi-
pliers; and advances in SiPMs.

Panel Discussion: The panel discussion for this session
focused on topics concerning germanium detectors for

scatter rejection, higher sensitivity imaging systems, and
associated reconstruction methods. Additional discussions
covered microdosimetry and high-energy photon imaging
with camera geometries positioned close to the patient.

Session 3: Overview of Isotopes: Dosimetry
and Future Directions

Session 3 opened with an overview from Jehanne Gillo,
PhD (U.S. Department of Energy [DOE]; Germantown, MD),
of the DOE Isotope Program (DOE-IP), which has a mission
to produce and distribute radioisotopes that are not commer-
cially available. She described a dramatic increase in the num-
bers of reactor- and accelerator-based isotope production
facilities at DOE National Laboratories and their academic
partners, providing diagnostic and therapeutic radioisotopes,
including a emitters (223Ra, 221At, and 225Ac, as well as
227Ac used by Bayer to obtain 223Ra for production of
Xofigo). In addition to production and distribution of cur-
rently used isotopes, the DOE-IP also operates a discovery
arm focused on identifying new radioisotopes that might be
of interest to the RPT community. A funding opportunity
announcement to support research on new isotopes entering
preclinical and clinical trials was recently issued (https://
www.isotopes.gov/FOA-Advancing-Novel-Medical-Isotopes-
for-Clinical-Trials). DOE has also started an isotope trainee-
ship to apply advanced manufacturing techniques to isotope
production.

Douglas Van Nostrand, MD (Georgetown University
Medical Center; Washington, DC), provided a comprehensive
overview of radioiodine as a paradigm of theranostics. He
pointed out its diagnostic (123I and 124I) and therapeutic (131I)
utility, facilitating: (1) definition of maximal safe administered
therapeutic activity to minimize unacceptable side effects; (2)
determination of minimal administered activity to achieve
desired therapeutic outcomes; and (3) assessment and mitiga-
tion of altered genomic cancer molecular biology (redifferen-
tiation). These permit 131I therapy in patients with negative
scans and enhance therapeutic results in patients with positive
scans. Because MEK-inhibitors increase iodine accumulation
in tumor cells (which can be monitored by PET) the 124I/131I
theranostic pair allows successful treatment of non–iodine-
avid tumors.

In contrast to external-beam radiotherapy, where the
absorbed dose can be precisely inferred from measurements,
tissue absorbed dose in nuclear medicine must be approxi-
mated using different models. Wesley Bolch, PhD (Univer-
sity of Florida; Gainesville), presented 3 principal methods
to compute tissue absorbed dose: (1) direct Monte Carlo
(MC) radiation transport simulation; (2) dose-point kernel
(DPK) convolution; and (3) the Medical Internal Radiation
Dose (MIRD) S-value formalism. Because of the high
degree of accuracy, MC simulations are the reference stan-
dard for tissue dosimetry and the most reliable tool for com-
puting radionuclide S-values. DPK convolution is commonly
used at the voxel level, between the application regimes of
S-value and direct MC methods. S-values, the most practical
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method because of the link to the MIRD schema, are applica-
ble at any scale, although the underlying approximations of
the method mostly limit their use to the organ and suborgan
levels.

Yuni Dewaraja, PhD (University of Michigan; Ann
Arbor), presented advances in SPECT and PET imaging for
patient-specific dosimetry, focusing on imaging methods
used for 90Y and 177Lu. 90Y can be imaged by both SPECT
and PET. SPECT detects bremsstrahlung that has continuous
energy spectra. MC reconstruction, model-based scatter esti-
mation, and deep learning–based scatter estimation are used
to enable quantification of the bremsstrahlung. The main
challenges in PET imaging of 90Y are low positron yield and
coincidences with bremsstrahlung photons. These challenges
can be addressed by dedicated reconstruction algorithms and
new instrumentation, such as time-of-flight, digital, and
whole-body PET. A relatively low intensity of g rays is a
challenge for SPECT imaging of 177Lu, which requires effi-
cient counting methods, application of deep learning, and
joint dual-photopeak reconstruction or the option of combin-
ing SPECT with data from 68Ga PET.

Panel Discussion: The panelists addressed the limitations
of current dosimetry methods and the latest progress in devel-
opment. Uncertainty in dose estimates was deemed the major
problem. Contributing factors, particularly for bone marrow
and small structures (metastases), include definition of the
region of interest, low signal, and reliability of data obtained
using standard partial-volume correction methods. Several
methods to improve the reliability of dose estimates and the
need to define standards for the whole dosimetry workflow
were mentioned. Barriers to wider adoption of radioiodine
treatment and challenges and opportunities in combining
RPT with conventional radiation therapy were also discussed.

Keynote Overview: Peering into the Black Box
of Cancer Therapy

In the keynote lecture, George Sgouros, PhD (Johns
Hopkins University School of Medicine; Baltimore, MD)
addressed RPT efforts in the context of conventional sys-
temic cancer therapies. He described the latter using a black
box analogy, in which inputs are mechanism, target valida-
tion, preclinical model toxicity, patient selection, genomics,
and theranostics. Treatment is the black box itself, and out-
puts are tumor response, time to progression, overall sur-
vival, quality of life, and clinical toxicity. In this scenario,
researchers can understand mechanisms by changing inputs
and looking at responses; this is the long-standing process
for agents that cannot be imaged. This approach, unfortu-
nately, is not effective. In a paper published in 2018, Wong

et al. examined the success rate of oncologic drugs and found
that 97% of cancer drugs evaluated in humans fail (Biostatis-
tics. 2018;20: 273–286). Many of these agents are targeted
therapies blocking signaling pathways that control cancer
cell growth, division, and spread. In many cases, targeted
therapies miss their target; a 2019 paper by Lin et al. found
that many cancer drugs work as a result of off-target effects
(Sci Transl Med. 2019;11[509]:eaaw8412). Consequently,
over the past decade the cost of cancer drugs has gone up, but
the clinical benefits of those drugs have not increased propor-
tionately, adding to financial concerns.

RPTs present a promising alternative. They are adminis-
tered systemically and regionally and can target metastatic
cancer, leading to radiation-induced DNA damage and killing
cells rather than controlling cell behavior. Their efficacy
depends on differential delivery of radiation, which can be
assessed by imaging. Dr. Sgouros presented several examples
of such approaches in clinical trials using 131I, 90Y, 213Bi,
223Ra, 227Th, 212Pb, and 225Ac. In 1 example, implementation
of personalized dosimetry in hepatic artery infusion of 90Y
microspheres for hepatocellular carcinoma doubled patient
survival time, without changing the agent or the patient popu-
lation. These examples showed that imaging and individual-
ized dosimetry-based treatment planning can further improve
RPT outcomes.

Keynote Overview Q&A: The panel discussion focused
on obstacles to implementing dosimetry for RPT, including:
a need for more examples (preferably randomized clinical
trials) showing that dosimetry has a huge impact; a need for
consistent, well-validated, and standardized dosimetry meth-
odologies; lack of knowledge of radiation and radionuclide
therapy; reimbursement challenges; and the need for multi-
ple scans. Panelists noted that some of these problems can
be addressed by simplifying dosimetry procedures and
enhancing education of both patients and physicians.

Conclusion
This workshop represented a first step in evaluating and

combining physicians’ needs for cancer treatment and imag-
ing scientists’ knowledge of instrumentation and dosimetry
calculations to improve cancer treatment outcomes. We invite
the community to view the recorded sessions of this work-
shop under “Engineering New Instrumentation for Imaging
Unsealed Source Radiotherapy Agents” at the NIBIB events
page (https://www.nibib.nih.gov/NIBIB-Webinars-and-Confe
rences). NIBIB looks forward to continuing this workshop in
early 2023 with additional discussions and a review of pro-
gress made based on insights and discussions from the work-
shop reported here.
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DOE and HHS Certify Sufficient 99Mo Supplies

O
n December 20, U.S. Secretary of Energy Jennifer
M. Granholm and U.S. Secretary of Health and
Human Services (HHS) Xavier Becerra jointly cer-

tified the achievement of a sufficient supply of 99Mo made
without using highly enriched uranium (HEU) to meet the
needs of patients in the United States. According to a press
release from the agencies, this certification “paves the way
for a nuclear nonproliferation milestone and supports U.S.
companies by triggering a congressionally mandated ban on
exports of HEU for foreign medical isotope production.”
HEU is a sensitive and critical product in terms of nuclear
proliferation, and the Department of Energy (DOE) National
Nuclear Security Administration (NNSA) works to minimize
the global civilian use and availability of HEU.

“Doctors and patients across the globe can be confident
that the critical medical isotope 99Mo will be there when they
need it, and we can provide that assurance without making
any further exports of HEU,” said Granholm. “Today’s
certification is another example of DOE’s world-leading
expertise creating win–win outcomes that make the world
safer while advancing jobs, improving health care, and
increasing the quality of life here at home.”

99Mo is used in more than 40,000 medical diagnostic pro-
cedures in the United States each day. For decades, the United
States had no capability for domestic production of the iso-
tope. To ensure a stable supply, HEU was exported to foreign
medical isotope producers that used the material to produce
99Mo for the U.S. and global markets.

Achieving a sufficient supply of 99Mo produced without
the use of HEU is the result of significant accomplishments
by DOE, HHS, and the commercial 99Mo industry. The DOE
NNSA has provided financial and technical assistance to help
global 99Mo producers convert from HEU to low-enriched
uranium (LEU). DOE/NNSA has also supported develop-
ment of a domestic production capability for non-HEU
99Mo by awarding more than $200 million in cost-shared
cooperative agreements with commercial entities, providing
technical support from the U.S. National Laboratories, and
establishing a Uranium Lease and Take-Back Program for
industry.

HHS’s role in achieving this milestone included approvals
for use of 99Mo produced by global suppliers using LEU and
the 2018 FDA approval of the New Drug Application for the
99Mo production system of NorthStar Medical Radioisotopes,
one of NNSA’s commercial partners. Both the DOE and HHS
noted that they will continue to work together and with commer-
cial entities to further bolster the U.S. supply of non-HEU 99Mo.

“With more than 80% of diagnostic imaging in the U.S.
relying on nuclear medicine isotopes like 99Mo, the FDA
has a key role to play to ensure a sufficient supply is avail-
able for critical daily medical procedures,” said Acting FDA
Commissioner Janet Woodcock, MD. “We’re pleased to
partner with DOE and other federal partners to contribute to
this important achievement.”

U.S. Department of Energy
U.S. Department of Health and Human Services

FDA Approves New 68Ga Kit for Prostate Cancer PET
Telix Pharmaceuticals (Melbourne, Australia; Indianapo-

lis, IN) announced on December 20 that the U.S. Food and
Drug Administration (FDA) had approved Illucix (TLX591-
CDx), the company’s kit for preparation of 68Ga-gozetotide
(68Ga–prostate-specific membrane antigen [PSMA]-11). The
product is approved for PET imaging in patients with prostate
cancer with suspected metastasis who are candidates for initial
definitive therapy or in whom recurrence is suspected based
on elevated serum prostate-specific antigen levels.

The FDA first approved 68Ga-PSMA-11 PET for prostate
cancer imaging in December 2020, but access was available
only through the University of California Los Angeles and the
University of California San Francisco. “The approval of Illuc-
cix will give patients considerably improved access to PSMA
PET imaging, an advanced diagnostic tool that was recently
included in the National Comprehensive Cancer Network Clin-
ical Practice Guidelines in Oncology for Prostate Cancer,” said
A. Oliver Sartor, MD, Medical Director of the Tulane Cancer
Center (New Orleans, LA). “With patient doses able to be

prepared onsite or via commercial radiopharmacy networks,
either via generator or cyclotron, Illuccix delivers flexible
patient scheduling and on-demand access throughout the day.”

According to a Telix press release issued on December
20, Illuccix can be prepared with 68Ga via either GE’s
FASTlab cyclotrons or in nuclear pharmacies and health care
centers using the Eckert and Ziegler GalliaPharm generator or
the IRE ELiT Galli Eo generator. Along with a 4-hour shelf
life after radiolabeling, these generation options will allow
expansion of PSMA PET in prostate cancer. “This product
offers a level of flexibility and accessibility to health care pro-
fessionals we really haven’t seen before in this class of prod-
ucts and may help us provide better patient experiences as a
result,” said Dr. Sartor. With a distribution network encom-
passing more than 140 nuclear pharmacies through an agree-
ment with Cardinal Health and PharmaLogic, Telix noted that
Illuccix will be available to more than 85% of eligible PET
imaging sites in the United States.

Telix Pharmaceuticals
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S N M M I L E A D E R S H I P U P D A T E

SNMMI to Host Summits on Artificial Intelligence and
Patient Access
Richard L. Wahl, MD, SNMMI President

A
dvances in medical technology are improving patient care
as never before. At the same time, great health disparities
exist, and not all patients have access to these advances;

urban and rural populations can be underserved. SNMMI recog-
nizes that in order to provide high-quality patient care, we need to
support the growth of the field as well as fight for access for all.

Next month SNMMI will host back-to-back summits on
2 hot topics in nuclear medicine, molecular imaging, and radio-
pharmaceutical therapy: artificial intelligence and patient access to
and health disparities in nuclear medicine procedures. Held at the
end of March in Bethesda, MD, the summits will provide oppor-
tunities for in-depth discussions on these highly relevant topics.

The Artificial Intelligence Summit, organized by the
SNMMI Artificial Intelligence Task Force, will be held March
21 and 22. Attendees will include stakeholders in academia,
medical device manufacturing and pharmaceutical companies,
start-up companies, hospital administrators, and end users of
artificial intelligence technology. Representatives from the Food
and Drug Administration (FDA), Centers for Medicare & Med-
icaid Services, and National Institutes of Health will also attend.

This summit will kick off with a plenary session on the role of
ethics in artificial intelligence, presented by Melissa McCradden,
PhD, bioethicist with the department of bioethics at the Hospital
for Sick Children (Toronto, Canada). Ir"ene Buvat, PhD, head of
the Laboratory of Translational Imaging in Oncology Research at
the Institut Curie Research Center (Orsay, France), will then dis-
cuss the state of the art in artificial intelligence.

Four panel discussions will follow on standardization initia-
tives; current challenges; the landscape of artificial intelligence
regulations, coverage, and funding; and what end users (physi-
cians, technologists, hospital administrators, etc.) want from
artificial intelligence. The speakers from the panel discussions
will give updates on current status as well as what is needed
from other stakeholders to advance their respective artificial
intelligence agendas. The summit will conclude with a session
on next steps and a call to action.

The SNMMI Summit on Patient Access to and Health Dis-
parities in Nuclear Medicine Procedures will take place on
March 22 and 23, immediately following the Artificial Intelligence
Summit. The goal of the summit is to gather representatives from
major stakeholders in the nuclear medicine and health equity
spaces to identify and address barriers, including health dispar-
ities, that prevent patients from accessing high-quality nuclear
medicine scans and therapies.

The invitation-only summit will include approximately 120
attendees from nuclear medicine and molecular imaging industry,
regulators, legislators, and payers. Although SNMMI has elected
to keep this meeting small, we recognize the widespread interest

in this topic in the wider oncology
and imaging/radiopharmaceutical ther-
apy communities. The meeting will be
available online via a webinar for those
who would like to listen to the talks
and associated discussions.

Andrew Scott, MD, director of the
department of molecular imaging and
therapy at Austin Health (Victoria,
Australia), will begin the meeting with
lessons from The Lancet Oncology in
regard to global access to nuclear medi-
cine and radiology. Eliseo P%erez-Stable,
MD, director of the National Institute on Minority Health and
Health Disparities, will follow with a keynote speech on social
determinants of health. Richard L. Wahl, MD, Elizabeth Mal-
linckrodt professor and chair of radiology and director of the Mal-
linckrodt Institute of Radiology at Washington University School
of Medicine (St. Louis, MO), will then speak on the changing
landscape in nuclear medicine, with a special focus on areas
where patient access limitations are apparent—including both
inner urban and rural care delivery spaces.

The summit will also include 6 panels covering a range of
topics related to patient access to and health disparities in
nuclear medicine procedures. Two panels will be held on the
first day of the summit. The first will discuss health disparities
in imaging and focus on lessons learned in mammography and
prostate imaging, as well as clinical trial participation. A panel
on federal regulatory efforts to ensure access to nuclear medi-
cine will conclude the day.

The remaining 4 panels, on the following day, will begin
with radiopharmaceutical production and distribution challenges,
with a focus on rural America. Next, attendees will learn about
the foundational infrastructure of nuclear medicine, followed by
appropriate utilization and reimbursement for products. The final
panel will be a “Payer Panel,” in which insurance companies will
discuss what steps are being taken to address social disparities in
health care access. The meeting will end with a working session
to review solutions and next steps.

SNMMI recognizes that the field of nuclear medicine and
molecular imaging is rapidly evolving, and nuclear medicine
procedures are fundamental components of many patient care
pathways. Through summits like these, our goal is to provide
strategic vision and a roadmap to address these changes, dem-
onstrate the true value of the field, and elevate nuclear medicine
and molecular imaging. By doing so we can improve access for
patients and provide increased value to the medical community,
regulators, payers, patients, and the public.

Richard L. Wahl, MD
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N E W S B R I E F S

Call to Action for Federal
Research Funding

SNMMI and the Academy of Radi-
ology and Biomedical Imaging Research
announced on December 14 a partnership
to urge the U.S. Congress to pass an
FY22 appropriations package with sup-
port for the National Institutes of Health
(NIH) and biomedical imaging and to
curtail the use of harmful continuing res-
olutions. In early December, Congress
passed its second continuing resolution
for the 2022 fiscal year, which should
have begun on October 1, 2021. That
continuing resolution will keep the gov-
ernment funded until February 18, which
means there will be no increases in gov-
ernment funding until well after the first
third of the 2022 fiscal year. NIH, for
example, does not know its final funding
level for the year already in progress.
NIH and other research agencies cannot
issue new funding awards until formal
appropriations are determined. In addi-
tion, researchers working on existing
awards may receive notification of fund-
ing cuts to maintain conservative spend-
ing levels mandated by the continuing
resolution. Early career researchers and
those with new proposals are especially
adversely affected as they wait for federal
support for research plans already deter-
mined to be meritorious. In their Decem-
ber 14 statement, SNMMI and the
Academy of Radiology and Biomedical
Imaging Research said “This extended
delay will only hold back research.
Already, research has suffered greatly
due to the negative scientific and eco-
nomic effects of the COVID-19 pan-
demic. We must remain committed to
assisting Congress in the nation’s recov-
ery from the pandemic and support the
continuous funding of scientific and med-
ical research to ensure improved patient
outcomes and U.S. competitiveness.”
Members of the nuclear medicine and
molecular imaging and therapy commu-
nities were urged to contact their mem-
bers of Congress to emphasize the
importance of biomedical research and

the deleterious effects of chronic continu-
ing resolutions. Additional information is
available at: https://www.acadrad.org/
take-action/#/5.

SNMMI

CMS Grants Pass-Through
Payment Status for
18F-Piflufolastat

On November 22, the Centers for
Medicare & Medicaid Services (CMS)
granted transitional pass-through pay-
ment status for 18F-piflufolastat (Pylarify;
18F-DCFPyL), increasing patient access
to prostate-specific membrane antigen
(PSMA)–based imaging in prostate
cancer. The decision was effective as
of January 1. The Medicare Transi-
tional Pass-Through Payment program
is designed to facilitate patient access
to cutting-edge treatments by allowing
adequate payment for new agents while
permanent reimbursement rates are being
established.

18F-piflufolastat is the first fluori-
nated PSMA agent approved for re-
imbursement by CMS. The agent,
manufactured by Lantheus Holdings
(North Billerica, MA), was approved
in May 2021 by the U.S. Food and
Drug Administration for PET imaging
of PSMA-positive lesions in men
with prostate cancer with suspected
metastasis who are candidates for ini-
tial definitive therapy or with sus-
pected disease recurrence based on
elevated serum prostate-specific anti-
gen levels.

“We have been thrilled with the
response to Pylarify in the prostate
cancer community,” said Mary Anne
Heino, president and chief executive
officer of Lantheus. “Pylarify is a trans-
formative diagnostic tool that identifies
disease earlier and more accurately
than conventional imaging, providing
more information to guide treatment
decisions. The granting of transitional
pass-through payment status for
Pylarify further facilitates patient
access to our game-changing PSMA-

targeted imaging agent for prostate
cancer.”

Centers for Medicare & Medicaid
Services

Lantheus Holdings

2022 Hal O’Brien Rising
Star Award

Yale Univer-
sity School of
Medicine (New
Haven, CT) an-
nounced in De-
cember that Attila
Feher, MD, a clin-
ical fellow in car-
diovascular medi-
cine at the Yale
Translational Re-
search Imaging Center, would receive the
Hal O’Brien Rising Star Award at the
High Country Nuclear Medicine Confer-
ence (HCNMC) to be held in Sun Valley,
ID, March 5–8. The award honors junior
faculty, postdoctoral trainees, and fellows
performing exemplary work in the radio-
pharmaceutical sciences, clinical applica-
tions, or research in oncology, cardiology,
and neurology. A $1,000 travel grant in-
cluded in the award is intended to enable
travel to the meeting and presentation of
research as part of HCNMC proceedings.

Dr. Feher is being recognized for
his work in development of imaging
tools to evaluate microcirculation in
heart transplant recipients. Albert
Sinusas, MD, director of the Yale
Translational Research Imaging Cen-
ter, said, “Attila is one of the best fel-
lows that I have had the pleasure of
training over my 30-year career on
faculty at Yale. He has received multi-
ple awards, including a recent award
for the best manuscript in the Journal
of the American College of Cardiol-
ogy: CardioOncology. He is an out-
standing clinician scientist who excels
both in clinical care and translational
and clinical research. He is also a
humble and caring person.”

Attila Feher, MD
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The Rising Star Award was created
to celebrate the leadership legacy of
the High Country meeting and to
recognize the vision of Hal O’Brien,
MD, in creating a unique and produc-
tive format for bringing together
leaders from across the spectrum of
nuclear medicine and molecular imag-
ing. The conference includes experts
from academia and industry, with
leaders in medical specialties, the
regulatory agencies, and health care
researchers in an informal setting to
facilitate exchanges of ideas. The
Education and Research Foundation
for Nuclear Medicine and Molecular
Imaging manages the program as an
endowed fund to support the award
in perpetuity. Each year in July the
HCNMC Award Subcommittee ini-
tiates a call for nominations directed to
the SNMMI Councils and Centers of
Excellence and to the American Soci-
ety of Nuclear Cardiology. The sub-
committee reviews nominations and
selects the awardee.

A preliminary program for the
2022 meeting, including streaming

sessions, is available at: https://www.
hcnmc.org/.

FDA Approves Near-Infrared
Imaging Agent for Ovarian
Cancer

The U.S. Food and Drug Administra-
tion (FDA) on November 29 approved
Cytalux (pafolacianine), an optical imag-
ing agent indicated in patients with
ovarian cancer as a near-infrared adjunct
to intraoperative identification of malig-
nant lesions. The drug is manufactured
by On Target Laboratories (West Lafa-
yette, IN) and was previously granted
Orphan Drug, Priority, and Fast Track
designations.

“The FDA’s approval of Cytalux can
help enhance the ability of surgeons to
identify deadly ovarian tumors that may
otherwise go undetected,” said Alex Gor-
ovets, MD, deputy director of the Office
of Specialty Medicine in the FDA Center
for Drug Evaluation and Research. “By
supplementing current methods of detect-
ing ovarian cancer during surgery, Cyta-
lux offers health care professionals an

additional imaging approach for patients
with ovarian cancer.”

The drug is administered intrave-
nously 1–9 h before surgery and binds
to and fluoresces folate receptors.
Cytalux is used with a near-infrared
fluorescence imaging system cleared
by the FDA for specific use with
pafolacianine.

The safety and effectiveness of
Cytalux was evaluated in 3 trials,
including a randomized, multicenter,
open-label study of women diagnosed
with ovarian cancer or with high clini-
cal suspicion of ovarian cancer who
were scheduled to undergo surgery.
The study included 134 women (ages,
33–81 y) who received a single dose
of Cytalux and were evaluated under
both normal and fluorescent light
during surgery. More than a fourth
of participants (26.9%) had at least 1
cancerous lesion detected under fluo-
rescence imaging not observed by
stand-ard visual or tactile inspection.

U.S. Food and Drug Administration
On Target Laboratories
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F R OM T H E L I T E R A T U R E

Each month the editor of Newsline
selects articles on diagnostic, therapeu-
tic, research, and practice issues from
a range of international publications.
Most selections come from outside the
standard canon of nuclear medicine and
radiology journals. These briefs are
offered as a monthly window on the
broad arena of medical and scientific
endeavor in which nuclear medicine now
plays an essential role. The lines between
diagnosis and therapy are sometimes
blurred, as radiolabels are increas-
ingly used as adjuncts to therapy and/
or as active agents in therapeutic regi-
mens, and these shifting lines are re-
flected in the briefs presented here. We
have also added a small section on
noteworthy reviews of the literature.

PSMA PET/CT Risk-
Stratification Tool

Xiang, from the University of Cali-
fornia at Los Angeles, and a multiinstitu-
tional cohort of investigators reported in
the December 1 issue of JAMA Network
Open (2021;4[12]:e2138550) on the pro-
gnostic significance of a nomogram
developed to model an individual’s risk
of nonlocalized upstaging of high-risk
prostate cancer on prostate-specific mem-
brane antigen (PSMA)–based PET/CT.
The researchers also compared the nomo-
gram’s performance with that of existing
risk-stratification tools. The 15-center, multi-
national study included 5,275 patients
diagnosed with high- or very high–
risk prostate cancer (prostate-specific
antigen [PSA] .20 ng/mL, Gleason
score of 8–10, and/or clinical stage of
T3–T4, with no evidence of nodal or
metastatic disease on conventional
workup). Data calculated in the nomo-
gram for PSMA upstaging included
the biopsy Gleason score, percentage
positive systematic biopsy cores, clin-
ical T category, and PSA levels. Over
a median follow-up of 5.1 y, 1,895
(36%) participants had biochemical re-
currence, 851 (16%) developed distant
metastases, and 242 (5%) died of

prostate cancer. The PSMA upstage pro-
bability was significantly prognostic for
all clinical endpoints, with 8-y concor-
dance indices of 0.63 for biochemical
recurrence, 0.69 for distant metastases,
0.71 for prostate cancer–specific mortal-
ity, and 0.60 for overall survival. The
PSMA nomogram outperformed existing
risk-stratification tools, except for perfor-
mance similar to that of the Staging
Collaboration for Cancer of the Prostate
for prostate cancer–specific mortality.
Results were validated against secondary
cohorts from a national database. The
authors concluded that these findings
suggest that PSMA upstage probability
is associated with long-term, clinically
meaningful endpoints, with superior risk
discrimination compared with existing
tools. They added that “formerly occult,
PSMA PET/CT-detectable nonlocalized
disease may be the main driver of out-
comes in high-risk patients.”

JAMA Network Open

SPECT/CT in Complex Foot and
Ankle Diagnosis

In an article published on December
7 ahead of print in Foot & Ankle Special-
ist, Ghani et al. from the Royal National
Orthopaedic Hospital (Stanmore, UK)
reported on an assessment of the value of
SPECT/CT in patients with complex but
nonarthritic and nonneoplastic foot and
ankle pathology with unclear diagnoses
after conventional imaging. The retro-
spective research, which began with a
dataset of 297 SPECT/CT foot and ankle
studies, found only 18 (age range, 16–
56 y) performed for nonarthritic/nonneo-
plastic diagnoses. The resulting SPECT/
CT findings differed from provisional
diagnoses in 10 (56%) of the 18 patients,
leading to changes in treatment planning
and significant improvements in 8 of
these 10 patients. In the remaining
8 patients, SPECT/CT was useful in con-
firming provisional diagnoses, which had
been uncertain on conventional imaging.
A total of 15 of the 18 patients (83%)
showed improvements in symptoms after

management affected by SPECT/CT
diagnoses. The authors concluded that
these results highlight “the added value of
SPECT/CT in patients presenting with
nonarthritic and nonneoplastic foot and
ankle conditions in which there is diag-
nostic uncertainty after conventional
imaging” and noted that in their practice
they have found SPECT/CT to be a use-
ful investigative modality in assessing
these cases.

Foot & Ankle Specialist

Dual-Tracer PET/CT in Renal
Cell Carcinoma

Tariq et al. from the Royal Brisbane
and Women’s Hospital (Brisbane), the
University of Queensland (Brisbane),
Redcliffe Hospital, Wesley Urology
Clinic/The Wesley Hospital (Brisbane),
and the Princess Alexandra Hospital
(Brisbane; all in Australia) reported on
December 8 online ahead of print in Uro-
logic Oncology on dual-tracer 18F-FDG
and prostate-specific membrane antigen
(PSMA)–based PET/CT compared with
standard-of-care imaging for the charac-
terization, staging, and restaging of renal
cell carcinoma. The retrospective, multi-
center study included 11 patients (mean
age, 65.5 y; 7 men, 4 women) who under-
went dual-tracer PET/CT after conven-
tional imaging. Indications for referral to
dual-tracer PET were staging (36%) and
restaging after radical/partial nephrectomy
(64%). Mixed patterns of uptake in pri-
mary tumor assessment were concordant
in 40% and discordant in 60% (20%
favoring PSMA and 40% favoring
18F-FDG). Tracer uptake inmetastatic dis-
ease was concordant in 6 patients (55%),
in agreement as negative in 3 (27%), and
discordant in 2 (favoring PSMA). PET
was superior to standard-of-care imaging
for assessment of metastatic disease in 5
patients (45%) and equivalent for the re-
mainder, with resulting management
changes in 3 (27%). The authors noted
that PSMA tracers and 18F-FDG offer
complimentary advantages in PET/CT
assessment of primary and metastatic
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renal cell carcinoma and that the intensity
of avidity of the tracers may assist in prog-
nostication.

Urologic Oncology

US-Based Respiratory Motion
Detection in PET/CT

In an article published on December
10 ahead of print in Physics in Medicine
and Biology, Madore et al. from the
Harvard Medical School/Brigham and
Women’s Hospital (Boston, MA), the
University of Oxford (UK), National Sun
Yat-Sen University (Kaohsiung, Taiwan),
Amazon Robotics (Westborough, MA),
Eindhoven University of Technology (The
Netherlands), and the University of Penn-
sylvania Perelman School of Medicine
(Philadelphia) reported on development
and testing of small ultrasound-based sen-
sors, referred to as organ-configuration
motion (OCM) sensors, that attach to the
skin and provide motion-sensitive infor-
mation to allow respiratory gating during
PET imaging. In the study, both a motion
phantom with an 18F-FDG solution and
imaging in 2 cancer patients were used to
test the sensors. In the phantom and in
patients, the OCM signals were used to
help reconstruct data into time series of
motion-resolved images accurately captur-
ing underlying motion. In 1 patient, a sin-
gle large lesion was seen to be mostly
stationary through the breathing cycle. In
the second patient, several small lesions
were mobile during breathing, and the
sensors captured breathing-related dis-
placements. The authors noted that
this relatively inexpensive and simple
hardware solution, which attaches to
the skin rather than walls or ceilings,
is advantageous because it can accom-
pany patients from 1 procedure to
another, with the potential for gather-
ing more consistent and useful data on
breathing motion–related changes.

Physics in Medicine and Biology

Brain Metabolism Patterns and
Epilepsy Death Risk

Whatley, from the University Col-
lege of London/Queen Square Institute
of Neurology (UK), and a consortium of
researchers from the UK, Canada, and

the United States reported on November
23 ahead of print in Frontiers in Neurol-
ogy on a study using 18F-FDG PET to
characterize regional brain metabolic dif-
ferences in patients with epilepsy at high
risk of sudden unexpected death. The
study included patients with refractory
focal epilepsy at high (n5 56) and low
(n5 69) risk of sudden unexpected death
who underwent interictal 18F-FDG PET
as part of presurgical assessment. Whole-
brain analyses were used to explore
regional differences in interictal meta-
bolic patterns and were contrasted with
regional brain metabolism more directly
related to frequency of focal-to-bilateral
tonic-clonic seizures. Imaging found that
regions associated with cardiorespiratory
and somatomotor regulation differed in
interictal metabolism. Tracer uptake was
increased in the basal ganglia, ventral
diencephalon, midbrain, pons, and deep
cerebellar nuclei in patients in the high-
risk of sudden death group, and uptake
was decreased in the left planum tempo-
rale. These patterns differed from those
associated with focal-to-bilateral tonic-
clonic seizure frequency (decreased uptake
in bilateral medial superior frontal gyri,
extending into the left dorsal anterior cin-
gulate cortex). PET-identified changes in
interictal metabolic activity in regions crit-
ical to cardiorespiratory and somatomotor
regulation in patients considered to be at
relatively high risk of sudden death from
epilepsy have the potential to elucidate pro-
cesses that may predispose such patients to
sudden death and to identify such patients
and affect management.

Frontiers in Neurology

Benzodiazepine and AD:
18F-Florbetapir PET and MRI

In an article published on December
10 ahead of print inNeuropsychopharma-
cology, Gallet, from University Hospital
(Angers, France), and French re-searchers
in the MEMENTO study looked at data
from that cohort correlating benzodiaze-
pine (BZD) use and neuroimaging
markers of Alzheimer disease (AD) in
nondemented older individuals with iso-
lated memory complaints or light cogni-
tive impairment at baseline. The study’s
goals were to replicate/assess findings on

BZD use and brain amyloid load with 18F-
florbetapir PET and to investigate associa-
tions betweenBZDuse and hippocampal
volume with MRI. Chronic BZD user
and nonuser data onmultiple-variable clin-
ical, symptomatic, and genetic data were
compared. The authors found that BZD
users were more likely to manifest symp-
toms of depression, anxiety, and apathy.
Total SUV ratios and hippocampal vol-
umes were significantly lower and larger,
respectively, inBZDusers thaninnonusers.
Short-acting BZDs and Z-drugs (Zopi-
clone/Zolpidem) were more significantly
associated with larger hippocampal vol-
umes,with no significant effects associated
with dose and duration of BZD use. The
authors concluded that these results
“support the involvement of the GABAer-
gic system as a potential target for blocking
AD-related pathophysiology, possibly via
reduction in neuronal activity and neuro-
inflammation” and noted that additional
longitudinal studiesmayconfirm the causal
effect of BZDs in blocking amyloid accu-
mulationandhippocampalatrophy.

Neuropsychopharmacology

DCE CT vs PET in Solitary
Pulmonary Nodules

Gilbert, from the University of Cam-
bridge (UK), and a large group of UK
researchers reported on December 9
ahead of print in Thorax on a study com-
paring the accuracy and cost effectiveness
of dynamic contrast-enhanced CT (DCE
CT) and PET/CT in diagnosis of malig-
nancy in solitary pulmonary nodules. The
prospective multicenter trial included indi-
viduals with a solitary pulmonary nodule
(range, 8–30 mm) and no recent history
of malignancy. The protocol included
both types of imaging and either biopsy
with histologic diagnosis or completed
CT follow-up. A total of 312 participants
(53% men, 47% women; ages, 68.1 6
9.0 y) completed the study, with a 61%
rate of malignancy at 2-y follow-up. The
sensitivity, specificity, and positive- and
negative-predictive values for DCE-CT
were 95.3%, 29.8%, 68.2%, and 80.0%,
respectively. For PET/CT the respective
percentages were 79.1%, 81.8%, 87.3%,
and 71.2%. The areas under the receiver
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operator characteristic curves for DCE-
CT and PET/CT were 0.62 and 0.80, re-
spectively. Combining results from the 2
imaging modalities significantly increased
diagnostic accuracy over PET/CT alone.
In a cost analysis, DCE-CT was preferred
when the “willingness to pay” per incre-
mental cost per correctly treated malig-
nancy was below £9,000. Above £15,500
a combined approach was preferred. The
authors concluded that “PET/CT has a
superior diagnostic accuracy to DCE-CT
for the diagnosis of solitary pulmonary nod-
ules” and that “combining both techniques
improves the diagnostic accuracy over either
test alone and could be cost effective.”

Thorax

PET/CT Textural Features in
Follicular Lymphoma

In an article published in the De-
cember 10 issue of Scientific Reports
(2021;11[1]:23812), Faudemer et al. from
Caen University Hospital, Normandy
University (Caen), and the Comprehen-
sive Cancer Centre François Baclesse
(Caen; all in France) reported on a study
assessing the value of baseline 18F-FDG
PET/CT radiomics (skeletal textural fea-
tures) in the diagnosis of bone marrow
involvement in patients with follicular
lymphoma. The retrospective study in-
cluded 66 patients newly diagnosed with
follicular lymphoma. For visual assess-
ment, patients with obvious bone focal
uptake were considered positive. For tex-
tural analysis, skeletal volumes of inter-
est were automatically extracted from
segmented CT images. Bone marrow
biopsy and visual assessment were used
as a gold standard in categorizing partici-
pants as bone-negative (negative bone
marrow biopsy/negative PET) or bone-
positive (positive bone marrow biopsy/
negative PET, negative bone marrow
biopsy/positive PET, or positive bone
marrow biopsy/positive PET). Thirty-six
patients (54.5%) were classified as bone-
negative and 30 (45.5%) as bone-posi-
tive. Software analysis identified a cut-
off of –0.190 as optimal for diagnosis of
bone marrow involvement using a PET
predictive score. The corresponding sen-
sitivity, specificity, and positive- and
negative-predictive values for PET were

70.0%, 83.3%, 77.8%, and 76.9%, re-
spectively. A significant difference was
found between bone marrow biopsy
results and visual PET assessments,
whereas bone marrow biopsy results
and the PET radiomics predictive score
were concordant. The authors con-
cluded that “skeleton texture analysis
is worth exploring to improve the per-
formance of 18F-FDG PET/CT for
the diagnosis of bone marrow
involvement at baseline in follicular
lymphoma patients.”

Scientific Reports

PET/CT Prediction of Urinary
Retention After Hysterectomy

Davidson et al. from Chaim Sheba
Medical Center (Tel Hashomer), Tel Aviv
University (Ramat Aviv), and Hebrew
University of Jerusalem (all in Israel)
reported on December 14 ahead of print
inMinerva Obstetrics and Gynecology on
a study using 18F-FDG PET/CT to mea-
sure residual urinary volume both before
and after radical hysterectomy to deter-
mine whether scanned abnormal residual
bladder volume is predictive of future uri-
nary symptoms. The study included 64
women. Postvoid bladder volumes were
$150cm3 on postoperative PET/CT in
24 (38%) patients, with 9 (37.5%) of
these experiencing some degree of void-
ing difficulty. In 3 of the 24 patients, the
high bladder volume on PET/CT was
seen 2–4 mo before complaints of voiding
difficulty. Of the 40 (62%) remaining
patients whose postoperative bladder vol-
umes were ,150 cm3, only 1 (2.5%) had
urinary retention. Symptomatic voiding diff-
iculties were higher in the postvoid volume
$150cm3 group than in the ,150cm3

group (13 and 6, respectively). The authors
concluded that “measuring bladder volume
on postoperative 18F-FDG PET/CT may
facilitate early identification of urinary reten-
tion, possibly enabling early treatment and
possibly preventing complications.”

Minerva Obstetrics and
Gynecology

Machine Learning and SPECT
MPI Polar Maps

In an article published on November
11 in Frontiers in Cardiovascular

Medicine (2021;8:741667), Marques
de Souza Filho et al. from the Uni-
versidade Federal Fluminense (Rio
de Janeiro, Brazil), Universidade
Federal Rural do Rio de Janeiro (Rio de
Janeiro, Brazil), the University of Ottawa
Heart Institute (Canada), and the Hospital
Pr%o-Card%ıaco/Americas Serviços Medi-
cos (Rio de Janeiro, Brazil) reported on a
study using machine learning algorithms
to differentiate normal from abnormal
gated SPECT myocardial perfusion polar
map images. The authors analyzed 1,007
polar maps from a database of patients
referred for clinically indicated myocar-
dial perfusion imaging. Studies were first
visually assessed and reported by experts
as a comparative standard. Image fea-
tures were then extracted using polar
map segmentation based on horizontal
and vertical slices. Cross-validation div-
ided the dataset into training and testing
subsets. All machine learning models
(except for 1) had accuracy .90% and
area under the receiver operating char-
acteristics curves .0.80. Overall ma-
chine learning precision and sensitivity
were .96% and 92%, respectively. The
authors concluded that machine learning
algorithms performed well in image
classification and were remarkably capa-
ble of distinguishing normal from ab-
normal polar maps.

Frontiers in Cardiovascular
Medicine

Nanoparticle Radioenhancer
Plus RIT

Hu et al. from the University of Texas
MD Anderson Cancer Center (Houston,
TX), Nanobiotix (Paris, France), the
Shandong Cancer Hospital and Insti-
tute/Shandong First Medical Univer-
sity/Shandong Academy of Medical
Sciences (Jinan, China), and the Koc
University School of Medicine (Istan-
bul, Turkey) reported on December
11 in the Journal of Nanobiotechnol-
ogy (2021;19[1]:416) on results from
a study of multicombination therapy
in which NBTXR3, a clinically ap-
proved nanoparticle radioenhancer, was
combined with high-dose radiation to a
primary tumor plus low-dose radiation
to a secondary tumor along with
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immune checkpoint inhibitor blockade
in a mouse model of anti-PD1–resistant
metastatic lung cancer. In the complex
protocol, mice were injected with a met-
astatic mouse lung cancer cell line in the
right leg on d 0 for the primary tumor
and the left leg on d 3 for the secondary
tumor. Immune checkpoint inhibitors
(anti-PD1 and anti-CTLA4) were admin-
istered intraperitoneally. Primary tumors
were injected with NBTXR3 on d 6 and
irradiated with 12 Gy on d 7, 8, and 9.
Secondary tumors were irradiated with
1 Gy on d 12 and 13. Surviving mice at
d 178 were rechallenged with the original
lung cancer cell lines, and tumors were
monitored. The researchers found that the
combination of therapies resulted in signif-
icant antitumor effects against both pri-
mary and secondary tumors, improving
the survival rate from 0 to 50%. Immune
profiling in secondary tumors showed that
the nanoparticle enhancer plus low- and
high-dose radiation increased CD8 T-cell
infiltration and decreased the number of
regulatory T cells. None of the rechallenged
mice developed tumors. These rechallenged
micewere found to have higher percentages
of CD4memory T cells and CD4 and CD8
T cells in both blood and spleen than
untreated mice. The authors concluded
that the NBTXR3 nanoparticle “in com-
bination with radioimmunotherapy signifi-
cantly improves anti-PD1–resistant lung
tumor control via promoting antitumor
immune response.”

Journal of Nanobiotechnology

Coffee Consumption and
Cognitive Decline

Gardener, from Edith Cowan Univer-
sity (Joondalup, Australia), and a consor-
tium of researchers from the Australian
Imaging,Biomarkers, andLifestyle (AIBL)
study reported on November 19 in Fron-
tiers in Aging Neuroscience (2021;13:
744872) on the results of an investigation
of the relationship between self-reported
habitual coffee intake and cognitive
decline. The report included AIBL data
with comprehensive neuropsychological
battery assessments from 227 cognitively
normal older adults over more than 10 y.
The researchers also investigated the rela-
tionship between habitual coffee intake and

cerebral amyloid-b accumulation in 60 of
the individuals and brain volumes in 51.
The researchers found that higher baseline
coffee consumption was associated with
slower cognitive decline in executive func-
tion, attention, and performance on the
AIBL Preclinical Alzheimer Disease Cog-
nitive Composite assessment and with
lower likelihood of transitioning to mild
cognitive impairment or AD status over
the duration of the study. Higher baseline
coffee consumption was also associated
with slower amyloid-b accumulation and
lower risk of progressing to moderate,
high, or very high categories of amyloid-b
burden. No associations were noted
between coffee intake and atrophy in total
gray matter, white matter, or hippocampal
volumes. The authors concluded that these
results “support the hypothesis that coffee
intake may be a protective factor against
Alzheimer disease, with increased coffee
consumption potentially reducing cogni-
tive decline by slowing cerebral Ab–amy-
loid accumulation, and thus attenuating
the associated neurotoxicity from Ab–
amyloid–mediated oxidative stress and
inflammatory processes.”

Frontiers in Aging Neuroscience

Delayed PET and Glioblastoma
Conspicuity

In an article in theNovember 16 issue
of Frontiers in Neurology (2021;
12:740280), Johnson et al. from the Uni-
versity of Texas MD Anderson Cancer
Center and Baylor College of Medicine
(both inHouston, TX) reported on a study
designed to determine the ideal timepoint
for 18F-FDG PET imaging of suspected
glioblastoma. The study was intended as
part of preparation for future trials involv-
ing noninvasive differentiation of true
progression from pseudoprogression in
glioblastoma. This initial investigation
included 16 adults (9 men, 7 women)
with suspected glioblastoma who under-
went PET imaging at 1, 5, and 8 h after
18F-FDG injection within 3 d before
scheduled surgery. Maximum SUVs
were quantified for the central enhanc-
ing component of the lesion and contra-
lateral normal brain. Results showed
statistically significant improvements in
maximum SUVs and subjective reader

conspicuity of glioblastomas at later
time points when compared to the con-
ventional 1-h time point. Tumor-to-
background ratios at 1, 5, and 8 h after
tracer injection were 1.4 6 0.4, 1.8 6
0.5, and 2.1 6 0.6, respectively. The
authors concluded that these findings
“demonstrate that delayed imaging time
point provides superior conspicuity of
glioblastoma compared to conventional
imaging.”

Frontiers in Neurology

Characterizing BRAF-Mutant
Papillary Thyroid Cancer
Subtypes

Boucai et al. from the Memorial
Sloan Kettering Cancer Center (New
York, NY), MD Anderson Cancer Cen-
ter (Houston, TX), and the Cleveland
Clinic (OH) reported on November 23
online ahead of print in the Journal of
Clinical Endocrinology and Metabolism
on a study looking at the feasibility of
characterizing the molecular and clini-
cal features of 2 subtypes of BRAF-
mutant papillary thyroid cancer by their
degree of expression of iodine metabo-
lism genes. The study included data from
227 BRAF-mutant papillary thyroid can-
cer tumors in the Cancer Genome Atlas
(Thyroid Cancer), divided into 2 sub-
groups based on their thyroid differentia-
tion score (TDS; categorized as high or
low). A range of data points were com-
pared between the 2 groups. Seventeen
percent of tumors were categorized as
high BRAF-TDS and 83% as low. High
BRAF-TDS tumors were more common
in black and Hispanic patients. High
BRAF-TDS tumors were also larger,
associated with more tumor-involved
lymph nodes, and had a higher frequency
of distant metastases. Gene set enrich-
ment analyses showed positive enrich-
ment for RAS signatures in the high
BRAF-TDS cohort, with corresponding
but less pronounced changes in the low
group. Several microRNAs (miR-204,
miR-205, and miR-144) were overex-
pressed in the high group. In a subset of
data on clinical patient follow-up, those
with high BRAF-TDS tumors had higher
complete responses to therapy than those
in the low BRAF-TDS tumor group
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(94% and 57%, respectively). The
authors concluded that “enrichment for
RAS signatures, key genes involved in
cell polarity, and specific miRs targeting
the transforming growth factorb–SMAD
pathway define 2 subtypes of BRAF-
mutant papillary thyroid cancer subtypes
with distinct clinical characteristics and
prognosis.”

Journal of Clinical Endocrinology
and Metabolism

SLN Visualization in Upper
Urinary Tract Urothelial Cancer

In an article published on November
23 in the Journal of Clinical Medicine
(2021;10[23]:5465), Polom et al. from the
Medical University of Gdansk (Poland)
reported on a radioisotope-based tech-
nique for detection of sentinel lymph
nodes (SLNs) and analysis of lymphatic
outflow in patients with suspected upper-
tract urothelial carcinoma (UTUC). The
study included 19 such patients (7men, 12
women; mean age, 73.4 y) who were
scheduled for ureterorenoscopy. Staging
included 99mTc-nanocolloid radioactive
tracer injection and tumor biopsy (pathol-
ogy: 8 patients, T0 [42%]; 7 patients, Ta
[36%]; and 4 patients, T1 [21%]). 3D
reconstruction and image fusion were per-
formed for better localization of lymph
nodes, and SPECT/CT lymphagiography
was used for detection of SLNs and analy-
sis of radiotracer outflow. SLNs were
detected in 2 patients (10%): 1 in whom a
single SLN was visualized and another in

whom multiple radioactive lymph nodes
were visualized. SPECT/CT detected no
lymphatic outflow in 17 (89.5%) patients.
In 5 of these patients (26.3%), however,
gravitational leakage of injected radio-
tracer to the retroperitoneal space was
noted. The authors concluded that these
results reinforce the challenging nature of
detecting SLNs in the upper urinary tract,
with associated difficulties in radiotracer
injection during ureterorenoscopy. How-
ever, “SPECT/CT lymphangiography in
cases of UTUC may provide valuable
information about a patient's individual
anatomy of the lymphatic system and the
position of the first lymph nodes draining
lymph with potential metastatic cells from
the tumor.”

Journal of Clinical Medicine

Reviews

Review articles provide an important
way to stay up to date on the latest topics
and approaches through valuable summa-
ries of pertinent literature. The Newsline
editor recommends several general
reviews accessioned into the PubMed
database in November and December.
Rowe and Pomper, from the Johns Hop-
kinsUniversity School ofMedicine (Bal-
timore, MD), provided an overview of
“Molecular imaging in oncology: Cur-
rent impact and future directions” on
December 13 ahead of print in CA: A
Cancer Journal for Clinicians. In an
article in the November 30 issue of Can-
cers (Basel) (2021;13:6026), Guglielmo

et al. from the Veneto Institute of Oncol-
ogy IOV-IRCCS and the University of
Padova (both in Italy) surveyed the
“Additional value of PET radiomic fea-
tures for the initial staging of prostate
cancer: A systematic review from the lit-
erature.” The role of “Tau biomarkers in
dementia: Positron emission tomogra-
phy radiopharmaceuticals in tauopathy
assessment and future perspective” was
outlined by Ricci et al. from the Univer-
sity of Rome Tor Vergata and IRCCS
Neuromed (Pozzilli; both in Italy) in the
November 30 issue of the International
Journal of Molecular Sciences (2021;
22[23]:13002). Beuthien-Baumann et al.
from the Deutsches Krebsforschungszen-
trum Heidelberg and the Universit€atsklini-
kum Heidelberg (both in Germany)
reviewed “Adapting imaging protocols
for PET-CT and PET-MRI for immu-
notherapy monitoring” in the Novem-
ber 30 issue of Cancers (Basel) (2021;
13[23]:6019). In the November 24 issue
ofMolecules (2021;26[23]:7111) Prigent
and Vigne from Normandie Universit%e
(Caen, France) outlined “Advances in
radiopharmaceutical sciences for vascu-
lar inflammation imaging: Focus on clin-
ical applications.” Rondon et al. from the
Universit%e Catholique de Louvain (Brus-
sels, Belgium), the Universit%e Clermont-
Auvergne (Clermont-Ferrand, France),
and CHU Estaing (Clermont-Ferrand,
France) published “Radioimmunotherapy
in oncology: Overview of the last decade
clinical trials” on November 7 in Can-
cers (Basel) (2021;13[21]:5570).
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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

A European Oncology Leader Looks at PSMA
A Conversation Between Silke Gillessen, Johannes Czernin, and Ken Herrmann

Silke Gillessen1,2, Johannes Czernin3, and Ken Herrmann4

1University of Southern Switzerland, Lugano, Switzerland; 2Department of Oncology, Institute of Oncology of Southern Switzerland,
Bellinzona, Switzerland; 3David Geffen School of Medicine at UCLA, Los Angeles, California; and 4Universit€atsklinikum Essen, Essen,
Germany

Johannes Czernin, MD, editor in chief of The Journal of
Nuclear Medicine, and Ken Herrmann, MD, MBA, a professor of
nuclear medicine at the Universit€atsklinikum Essen (Germany),
talked with Silke Gillessen, MD, an internationally recognized
oncologist whose practice and research focus on genitourinary
cancer. She is a professor and head of the Department of Medical
Oncology at the Universit"a della Svizzera Italiana (Lugano, Swit-
zerland) and director of the Istituto Oncologico della Svizzera Ital-
iana (Bellinzona, Switzerland). She received her early medical
training in Switzerland and completed her training at the Dana-
Farber Cancer Institute (Boston, MA). After returning to Switzer-
land, she launched the medical oncology unit for genitourinary
cancer and headed the clinical research unit for oncology/hematol-
ogy at the Kantonsspital St. Gallen (Switzerland). From 2018 to
2020, she was Genitourinary Cancer Systemic Therapy Research
Chair at the University of Manchester and Honorary Consultant at
The Christie Hospital (Manchester, U.K.).
Dr. Gillessen has led numerous clinical trials. She cofounded

the Advanced Prostate Cancer Consensus Conference (APCCC),
served 2 terms as president of the Swiss Group for Clinical Cancer
Research (SAKK) Genitourinary group, and chaired the European
Organization for Research and Treatment of Cancer Genitourinary
Cancers Group. She was the recipient of the prestigious SAKK/
Pfizer award.
Dr. Czernin: You were trained in medicine and oncology and

went through extensive clinical training in Switzerland. You com-
pleted a postdoctoral fellowship at Dana-Farber and then came
back to Switzerland to become a faculty member and then profes-
sor in medicine and oncology. Then you moved to Manchester for
some time to lead a large cancer program. What did you do there,
and what prompted you to return to Switzerland?
Dr. Gillessen: I spent almost 20 years in St. Gallen, Switzer-

land, after I came back from Dana-Farber Cancer Institute.
Thomas Cerny, MD, who was the leader of the team at St. Gallen
(Kantonsspital St. Gallen), was a renaissance doctor, interested in
sports, in classical music, in philosophy—interested in everything.
It was a great pleasure working for and with him. I never consid-
ered leaving. But, because our children went to college, my hus-
band and I were suddenly free to move. I received offers from all
over the world. Because my parents were older, we decided to
stay close to them in Europe. The University of Manchester
wanted to build up a systemic therapy trial unit, and I accepted. It
was really interesting to see the English system, which is very

different from the Swiss system.
Clinicians see many more
patients and, of special interest
to me, many prostate and testicu-
lar cancer patients. They also
had huge scientific potential
there. Everything worked well
for me, but it was not easy for
my husband, who is an ecologic
architect and could not find work
in the United Kingdom. I was
offered this position in Ticino,
with my main office in Bellinzona, which is one of the most beauti-
ful places in the world. We decided to move back home where there
are also many more opportunities for my husband.
Dr. Herrmann: When talking with you we want to immediately

bring up the APCCC. This is one of your major achievements.
Can you talk for a moment about how you created the APCCC?
Dr. Gillessen: St. Gallen was the birthplace of a famous con-

sensus conference for early breast cancer that had been taking
place for more than 20 years. We came up with the idea of holding
a consensus conference on advanced prostate cancer. I asked
Johann De Bono, MD, PhD, and other friends, who all responded,
“why not”? We started very small, with 250 participants, and had
to rely mostly on the support of pharma sponsors (although they
had no impact on topic questions or discussions). The most critical
point in an effort like this is to frame the questions in such a way
that they can be helpful for the professionals who subsequently
consult the resulting consensus articles. The APCCC is held every
second year, and so far we have doubled attendance at each con-
ference, with satellite conferences to establish management para-
digms all over the world.
Dr. Czernin: One of the key topics of the 2021 APCCC was

prostate-specific membrane antigen (PSMA) imaging. The land-
scape of prostate cancer diagnosis at various stages is changing.
How do you see the role of PSMA PET/CT for staging and
biochemical recurrence and also for later stage, progressive
disease?
Dr. Gillessen: PSMA-targeted imaging is a very good tool, and

I do not think anyone is suggesting that we go back to bone scans.
However, we need to stay critical. Most of the data that I have
seen were based on 68Ga-labeled PET probes. In Switzerland, we
now see more and more 18F-PSMA-1007 usage, where less data
are available. And there is an issue with nonspecific bone uptake. I
now see many high-risk patients who have undergone 18F-PSMA-
1007 imaging for primary staging, with, for example, 2 visualized

Silke Gillessen, MD
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bone lesions. With conventional imaging these would be staged as
M0, and we treat them like M0. We also have cases in which MRI
locates bone lesions in different regions from those localized by
PSMA PET—and then the bone biopsy is negative. As the treating
physician, what am I supposed to do? Am I moving away from a
curative to a palliative treatment? This is very, very difficult right
now. What are your thoughts?
Dr. Herrmann: In this case we would do a gallium PSMA scan,

and then the majority of lesions are gone. Nonspecific bone uptake
is much more frequent with PSMA-1007, requiring experience and
involving a learning curve. 18F-DCFPyL is also fluorinated, but
this problem is not encountered as frequently.
Dr. Gillessen: It is no longer easy to get a gallium scan here.

These unclear results are very stressful for patients. It makes us
nervous, too, because we may overtreat these false-positives. I
think the interaction between our nuclear medicine specialists and
oncologists must become much closer in disease staging, because
we all need to learn. The danger is that some physicians are going
away from a curative intent to a palliative treatment because of
false-positive bone lesions.
Dr. Herrmann: Yes, we have to start a discussion. I am a

PSMA believer. We tend to look at impact on management, which
may not be a good endpoint. Could we still perform a randomized
trial with the endpoints of progression-free and overall survival in
PET versus conventional imaging based at initial staging in high-
risk patients?
Dr. Czernin: Our combined University of California at Los

Angeles/University of California San Francisco presurgical study
showed detection of lymph node involvement in 40% of patients.

This is above and beyond what conventional imaging detects. The
specificity is less of a problem, because the positive predictive
value is very high, especially for lymph nodes (as long as you
have fairly knowledgeable readers). People often simply lack clini-
cal insights, and we do not know enough about pretest likelihoods.
The other problem is the fundamental error of “Wow, I see more,”
which is a trap leading to reduced specificity.
Dr. Gillessen: It think it is a trap. Seeing more does not neces-

sarily mean that we reach a better clinical outcome.
Dr. Herrmann: You have responded in part to one of our ques-

tions already, namely what you expect from nuclear medicine con-
sultations. Can you elaborate?
Dr. Gillessen: Nuclear medicine physicians believe in their

images. But I think we need that interaction. I adore what Michael
Hofman, MD, has done, but I assume he is still working with
68Ga-PSMA and probably has not used 18F-PSMA-1007 much. At
least in Switzerland, 18F-PSMA-1007 is logistically so much eas-
ier and is therefore used a lot. Even if I wanted to use 68Ga-PSMA
more, it is not easily available. Many oncologists, urologists, and
radiotherapists who are not specialized may just see that a PSMA
PET/CT is available and order it. On Twitter, for example,
“PSMA PET” is almost always referenced without specifying the
tracer, or whether the scan is performed with a CT or a MRI, or
whether iodine contrast media is given for the CT part. Not all
clinicians realize that when we say “PSMA PET/CT,” this could
mean different exams. Now you two tell me you can have a good

versus a bad fluorinated compound and that one may require more
experience than the other for interpretation. This is something
you know very well, but 95% of clinicians won’t know about
differences between various PSMA PET probes. You need to
teach us!
Dr. Herrmann: You previously mentioned bone scans, which

are still very widely available. Do you still see a role for bone
scans?
Dr. Gillessen: I sometimes do bone scans in patients with high-

risk prostate cancer who were staged with 18F-PSMA-1007 PET
CT and have, for example, 2 small lesions that might be false-
positive. I do this to confirm M0 staging with conventional imag-
ing, and I can then treat them with curative intent. I have to say that
(except for a few patients with DNA repair defects or microsatellite
instability) bone scans are the only predictive biomarker that we
have for treatment of metastatic prostate cancer. We don’t have
other validated predictive biomarkers that we use for treatment
decision making in hormone-sensitive disease. It is amazing that
such an old and inexpensive method can help us decide on treat-
ment management in hormone-sensitive disease, in the sense that
fewer bone lesions (low-burden disease) predict an overall benefit
for radiotherapy to the primary tumor in the metastatic setting.
Dr. Czernin: Despite all of that, the new National Comprehen-

sive Cancer Network (NCCN) guidelines now include PSMA PET/
CT, limited to 68Ga-PSMA-11 and 18F-PYL. NCCN endorses
PSMA PET/CT pretty much at every stage of disease. The NCCN
panel noted that PSMA PET/CT can also be considered as front-
line imaging before any other imaging test. What would you do
with these new guidelines as a practicing urooncologist?

Dr. Gillessen: To be honest, I follow European guidelines
more, because I’m also a member of the panel writing them. The
2021 European guidelines endorse PSMA imaging for biochemical
recurrence or prostate-specific antigen (PSA) persistence. In Swit-
zerland, it is approved for high-risk and even intermediate local-
ized cancer and for biochemical recurrence. But we also use it in
identifying metastatic castrate-resistant prostate cancer (mCRPC)
patients for 177Lu-PSMA radioligand treatment.
Dr. Czernin: That’s pretty much the same as the NCCN

guidelines.
Dr. Herrmann: What information would you want to see to

implement PSMA PET/CT for treatment response assessments?
We do not have any data making the case now, but, looking for-
ward, what kind of data would you want to see?
Dr. Gillessen: For me there are 2 items: For the hormone-

sensitive stage, little data are available about the impact of hor-
mone treatment on PSMA expression. This treatment works in
95% of men. The Australians have the feeling that androgen-
deprivation therapy (ADT) decreases PSMA expression in most
patients and increases it in a few. Not enough prospective data are
available to determine what this means. The value of PSMA
PET–based response assessments in castrate-resistant patients is also
unknown. I have seen patients with hormone-sensitive advanced
disease treated with abiraterone and ADT, in whom PSMA PET
imaging shows a decreased size of the lesions but PSMA “activity”
goes up. What does this “activity” mean?

`̀ PSMA-targeted imaging is a very good tool, and I do not think anyone is suggesting that we go back to bone scans.
However, we need to stay critical.´́
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Dr. Herrmann: More “active” meaning higher SUV or more
lesions?
Dr. Gillessen: Higher SUV. Patients are getting nervous about

reports like this. And I have to tell them that we don’t yet have
enough experience with PSMA-based imaging in this situation,
but we do have experience with reduction of lesion sizes (like
lymph nodes). For the moment, we probably have to focus on the
“old” response criteria in the hormone-sensitive setting, and these
include reductions in lesion size and in PSA levels. This is what
we know. Please, dear nuclear medicine community, develop a
consistent nomenclature and help us by developing response crite-
ria for PSMA PET/CT!
Dr. Czernin: What is really being imaged is PSMA expression.

In my view, that’s the term that should be used.
Dr. Gillessen: It is your community, so you have to discuss this

and homogenize.
Dr. Herrmann: Another difficult area is metastasis-directed

treatment based on PSMA PET. You have seen the EMPIRE-1
study with 18F-fluciclovine PET/CT, which had impressive out-
comes. Based on the EMPIRE-1 study, do you think that there’s
room for PSMA PET–directed metastatic-directed treatment?
Dr. Gillessen: The EMPIRE-1 study is a single-center, open-

label, phase 2/3 study comparing conventional imaging plus 18F-
fluciclovine PET/CT versus conventional imaging alone to guide
postprostatectomy salvage radiotherapy. The researchers included
165 patients, and the primary endpoint was 3-year event-free sur-
vival. I think it is a very important study, because it asked an
imaging question not about accuracy but about clinical outcome.
We urgently need more such studies, even if you could argue that
a clinically more relevant endpoint like overall survival should be
chosen. Multicenter larger trials are needed as well.
Dr. Czernin: I agree; data on targeted approaches are very lim-

ited. In our presurgical staging study published in 2021, more than
30 patients underwent metastasis-targeted treatment. PSA declined
by . 50% in 80% of patients in response to the intervention. The
question is, of course, what does it mean for the outcome?
Dr. Gillessen: In a patient treated with metastasis-directed ther-

apy after prostatectomy, if the PSA does not go down to zero it is
very likely that all the lesions have not been hit. There are lesions
that won’t be visible, even on PSMA PET/CT. We know that gen-
erally the earlier you start hormonal treatment, the better the prob-
able outcome. So what you are doing with that “zapping” may
also be deferring the systemic treatment that could be beneficial.
Do we really know that we are doing something good for our
patients? Strong evidence is still missing.
Dr. Czernin: Good argument.
Dr. Gillessen: But I think some patients with oligometastatic

metachronous disease may profit from radiotherapy of metastases,
maybe with temporary systemic treatment. After that, they could be
free of systemic treatment for some time—perhaps for a very long
time. I totally agree with you both. But who are these patients?
How do we select them? The goal here would be to defer continu-
ous systemic treatment. We need prospective randomized trials to
prove that there is a benefit. Another idea would be not to defer
systemic treatment but to try to give “maximal” combined treat-
ment at the beginning to “cure” (meaning to achieve long-term
complete remission in) some patients. But we don’t have the data.
Dr. Czernin: That brings us to the therapy portion of our dis-

cussion. We have all seen the results of the VISION trial of 177Lu-
PSMA-617 in mCRPC. Were they what you expected or maybe

just the first realistic information about what kind of impact this
treatment has on survival?
Dr. Gillessen: Can I say that this is a somewhat manipulative

question? We have a new treatment with a new mechanism of
action, which is always very good news. It means we have an
additional treatment for our patients. It’s not just another hormonal
treatment that can be used in place of another—it’s really some-
thing new. However, I was a bit disappointed by the trial results. It
is not so different from cabazitaxel, and it’s not so different from
the standard of care in these late-line mCRPC patients. I would
assume there must be a better way to select patients who will ben-
efit. I’m just hoping that the academics will try to go back and
identify the patients who really profited and, perhaps more impor-
tant, those who did not.
Dr. Herrmann: I fully agree with your emphasis on better

patient selection. There’s a vocal group of people in the United
States who say we should not select patients for PSMA radioligand
therapy at all because such a high proportion of prostate cancers
exhibit PSMA expression. What is your take there?
Dr. Gillessen: If we have a biomarker, we should use it, in my

opinion. But evidence needs to develop. I am concerned about
patients with PSMA imaging results that are only slightly positive
in liver metastases. I would prefer to start with chemotherapy first,
because we do not know if the patient is still chemotherapy-fit
after the treatment with 177Lu-PSMA. But this is a gut feeling,
right? I have asked VISION investigators about liver involvement,
degree of expression in liver lesions, and outcomes but have not
seen the data. Another problem is that nuclear medicine PET/CT
studies often don’t use intravenous contrast, which prevents appro-
priate liver imaging.
Dr. Czernin: I completely agree with you, because not doing

intravenous contrast with PET/CT to me is wrong. Why would you
have a patient undergoing a suboptimal CT? We give intravenous
contrast in pretty much every patient.
Dr. Herrmann: Even the guidelines say it. We do 90% of our

PET/CTs with intravenous contrast.
Dr. Czernin: The group at Peter MacCallum Cancer Centre

(Melbourne, Australia) adds 18F-FDG PET/CT to stratify patients.
When applying their criteria, we would probably exclude 25% of
patients for 177Lu-PSMA radioligand treatment.
Dr. Gillessen: So they had excluded more patients because of

their PET findings’ defined criteria. It would be interesting to
know what the results of the VISION trial would have been using
the criteria from the THeraP phase 2 trial of 177Lu-PSMA-617 ver-
sus cabazitaxel in mCRPC progressing after docetaxel.
Dr. Herrmann: We talked about PSMA-targeted imaging and

therapy, current limitations, and unresolved issues. What would
be your concluding remarks on the new era of PSMA-targeted
theranostics? What would be the priorities for achieving integra-
tion with the practice of urologic oncology and be most relevant
for optimal patient care?
Dr. Gillessen: I would hope that we can intensify our collabora-

tions and have more nuclear medicine specialists involved in our
multidisciplinary tumor boards. This networking will be essential
to facilitating the best outcomes for our patients.
Dr. Czernin: Finally, can you provide some advice to our

young colleagues in nuclear medicine, urology, and oncology?
What should they focus on in making career choices?
Dr. Gillessen: Collaboration and networking. We are all much

more productive when we work together as a team.
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The impact of PET image acquisition and reconstruction parameters
on SUV measurements or radiomic feature values is widely docu-
mented. This scanner effect is detrimental to the design and validation
of predictive or prognostic models and limits the use of large multicen-
ter cohorts. To reduce the impact of this scanner effect, the ComBat
method has been proposed and is now used in various contexts. The
purpose of this article is to explain and illustrate the use of ComBat
based on practical examples. We also give examples in which the
ComBat assumptions are not met and, thus, in which ComBat should
not be used.

Key Words: radiomics; harmonization; texture analysis; multicenter
studies

J Nucl Med 2022; 63:172–179
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The emergence of radiomics in mid-2010 renewed interest in
quantitative image analysis for prediction and classification tasks.
Because radiomics requires large image datasets for designing and
validating models, it would largely benefit from pooling images
from different sites or from different scanners. However, many
quantitative biomarkers and radiomic features are sensitive to a
scanner or protocol effect (1–5), referred to here as the site effect,
underlining the importance of harmonizing image acquisition and
reconstruction procedures to reduce multicenter variability before
pooling data from different sites. Similarly, when a new radiomic
or quantitative image analysis method is developed at one site, its
application to images from another site requires prior verification
that the images from the 2 sites are comparable.
Much effort has been deployed in recent years to propose proce-

dures to harmonize image quality (6), including the successful
European Association of Nuclear Medicine Research Ltd. (EARL)
accreditation program (7,8). However, in retrospective studies,
many images have been reconstructed using protocols that did not
follow these harmonization guidelines, for which it is impossible to

retrieve or perform phantom acquisitions that would be needed to
harmonize them a posteriori. Often, the raw data are not stored,
hampering any novel reconstruction to target a given image quality.
The variability between scans resulting from different acquisition
and reconstruction protocols can be reduced using image resam-
pling or filtering (9,10), but these techniques require image postpro-
cessing and most often yield a decrease in spatial resolution in the
images acquired using the most recent devices, yielding suboptimal
image quality for subsequent quantitative and radiomic studies.
To address these site effects, the ComBat harmonization method

has been proposed (11–15) and has produced satisfactory results in
various contexts. Since 2017, at least 51 papers have reported the
use of ComBat in radiomic analysis of MRI (36%), CT (34%), or
PET images (28%). Of these articles, 41% reported higher perfor-
mance metrics after ComBat than before, and 41% presented only
the results with harmonization. Only 18% of the articles did not
report a benefit in using ComBat, without any detrimental effect.
ComBat directly applies to features already extracted from the

images without the need to retrieve the images. However, as with
any harmonization method, it is based on assumptions that have to
be met for the method to generate valid results. The objective of
this paper is to explain and demonstrate under which conditions
ComBat can be used to harmonize image-derived biomarkers mea-
sured in different conditions and when it should be used with cau-
tion. We first summarize the theory behind ComBat and then
illustrate several use cases to demonstrate its ability to compensate
for site effects when properly used and to answer practical ques-
tions a ComBat user might have. We also give examples of situa-
tions in which the ComBat assumptions are not met and, thus, in
which ComBat should not be used. Finally, we discuss the assets
and limitations of ComBat.
All patient data used in the examples were obtained from previ-

ous retrospective studies approved by an institutional review board,
and the requirement to obtain informed consent was waived.

THEORY OF COMBAT

ComBat was initially introduced in the field of genomics (16)
and has been widely used in this field (17). ComBat assumes that

yij 5a1gi 1di«ij Eq. 1

where j denotes the specific measurement of feature y, i denotes
the setting, a corresponds to the average value of the feature of
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interest y, gi is an additive batch effect affecting the measurement,
di is a multiplicative batch effect and, «ij is an error term. Batch i
corresponds to the experimental settings used for making the y
measurement, including the possible observer effect, scanner
effect, or even sample effect.
In medical imaging, y is an image feature (e.g., SUV); i denotes

the scanner, protocol effect, or even observer effect (called the site
effect); and j denotes the specific measurement, typically the vol-
ume of interest in which the measurement is made.
The model therefore assumes that the value of measurement i of

a given feature y in volume of interest j is possibly affected by
additive and multiplicative effects that depend on the scanner, pro-
tocol, or even observer who made the measurement. These effects
are common to all measurements j of that same quantity y made
using the same scanner, protocol, or observer. On the basis of mul-
tiple measurements yij of the same feature y made in volume of
interest j in different images coming from different scanners i, the
site effects gi and di can be estimated using conditional posterior
means (16) and subsequently corrected using

yComBat
ij 5

yij2â2ĝi

d̂i
1â Eq. 2

where â, ĝi and d̂i are estimators of a, gi and di and yComBat
ij is the

transformed yij measurement devoid of the site i effect.
ComBat is a data-driven method that does not require any phan-

tom acquisition to estimate the site effect but requires data from the
different sites with sufficient sample size. The site effect can be esti-
mated and corrected directly from the available image feature values
measured at different sites without having to perform any image
processing or any new measurements in the images. ComBat always
theoretically improves the alignment of the mean and SD of the
distributions given the criterion optimized by the method. A
Kolmogorov–Smirnov test can be used to determine whether the
statistical distributions of 2 sets of feature values are significantly
different, in which case ComBat is needed, and to check the effec-
tiveness of the applied transformation. A nonsignificant Kolmogor-
ov–Smirnov test suggests that there is no evidence of differences in
the 2 distributions, implying that any subsequent analysis should not
be affected by a detectable difference between the distributions.

EXAMPLE

We numerically generated 3,000 values drawn from 3 gaussian
distributions with different means (8, 12, or 14) and SDs (3, 4,
or 5) (Table 1), mimicking, for example, SUVmax measured in
3 sets of highly metabolic tumors but with 3 scanners of
different generations, of which one had a much higher spatial reso-
lution than the others (hence higher SUVmax due to reduced
partial-volume effect (18)). As shown in Figure 1, ComBat can be

used in 2 ways: either to realign the distributions of the 3 sites to a
virtual site (11), which is neither site A nor site B nor site C, or to
realign the data from sites B and C to site A chosen as the reference
site (or vice versa) (19). Contrary to what has been reported (20),
both approaches lead to the same ranking of the patients and, hence,
identical receiver-operating-characteristic curves for classification
tasks, and only the absolute value of the feature changes. Aligning
the data to a reference site may be preferable for feature value inter-
pretation, but the reference site selection has no impact on the qual-
ity of the realignment. In the following, harmonization will always
be performed with respect to a reference site.

COMBAT TO COMPENSATE FOR PROTOCOL DIFFERENCES

The straightforward application of ComBat in medical imaging is
to compensate for differences in radiomic feature values obtained
from images acquired using different protocols. To illustrate,
we performed an EARL experiment using PET images of 49 lesions
from 15 lymphoma patients reconstructed according to the EARL1
and EARL2 standards (8). Without harmonization, we observed a
systematic deviation in SUVmax between the 2 reconstructions (Kol-
mogorov–Smirnov, P5 0.0002; Fig. 2). After applying ComBat con-
sidering the EARL2 reconstruction as a reference site, we observed a
better concordance of SUVmax (P5 0.6994).

NEED FOR TISSUE-SPECIFIC AND TUMOR-SPECIFIC
TRANSFORMATIONS

Since ComBat is a data-driven method, the realignment transfor-
mation (Eq. 2) is specific to the input data. It is therefore specific to
the tissue or tumor type or patient population from which it is esti-
mated. For example, in a previous publication (12), the ComBat
transformation appropriate for SUVmax was different for liver tissue
and breast tumors when pooling 63 patients from site A and 74
patients from site B (Fig. 3). In that example, values from site B
were realigned to values measured at site A, and the resulting trans-
formations were SUVmax Að Þ51:053 SUVmaxðBÞ10:07 for liver
tissue and SUVmaxðAÞ51:133 SUVmaxðBÞ11:84 for tumor tis-
sue. This effect of the imaging protocols is different as a function
of the structure of interest. SUVmax in the liver is not much
impacted by the partial-volume effect, as the liver is a large region;
hence, it is relatively robust to the difference in spatial resolution in
the images produced by the 2 sites. Therefore, the slope of the
transformation was close to 1, and the intercept was close to 0. In
contrast, the SUVmax in breast tumors is affected by the partial-
volume effect. This translates into a slope farther from 1 and an
intercept farther from 0. Therefore, unlike what is stated in a previ-
ous publication (21), phantom measurements cannot be used to
determine the transformations to be applied to feature values mea-
sured at one site to convert them to values that would have been
obtained at the other site a priori. Given the ComBat assumptions,
Equation 2 can be applied only to data affected by the site effect in
the same way as the data used to estimate the a, g, and d parame-
ters of the model. This implies that, for example, a transformation
derived for lung tumors should not be applied to lymphoma tumors
unless the biomarker of interest is affected by the site effect in the
same way in the 2 tumor types.

NEED FOR A FEATURE-SPECIFIC TRANSFORMATION

Just as transformations are specific to each tissue, they are also
specific to each index. For example, using the same data as in

NOTEWORTHY

! Guidelines are proposed for using the ComBat harmonization
method on SUVs, metabolic tumor volume, or any radiomic
features illustrated with simulated and real data.

! Recommendations are made on the use of covariates within
ComBat.

! The ComBat, EARL, and z score harmonization strategies are
compared.
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Figure 3, the equations differ for SUVmax (SUVmaxðAÞ5
1:053SUVmaxðBÞ10:07 for liver tissue) and for the homogeneity
feature (homogðAÞ51:063homogðBÞ20:14). The transformation
has to be estimated for each feature independently because not all fea-
tures are affected in the same way by the site effect. Some features
are relatively immune to the site effect (e.g., shape features), unlike
others (e.g., SUVmax or metabolic tumor volume).

USE OF COMBAT TO ADJUST CUTOFFS BETWEEN
DIFFERENT SITES

Aligning data from different sites might be extremely useful to
adjust the cutoff used to distinguish between groups. Let us take
the example of lymphoma patients, for whom it is well known
that the total metabolic tumor volume (TMTV) calculated from
18F-FDG PET images is a valuable prognostic factor of
progression-free and overall survival (22). However, the cutoff to
identify patients with a poor prognosis depends on the segmenta-
tion method used for TMTV calculation, and there is no consen-
sus on the optimal segmentation method (23). ComBat can thus
be used to automatically determine how the cutoff appropriate for
a segmentation method should be shifted to be applicable to
TMTV measured using a different segmentation method. To
illustrate, we studied a cohort of 280 patients with diffuse large

B-cell lymphoma from the REMARC trial (NCT01122472), for
whom TMTV was calculated from 18F-FDG PET images using 2
segmentation methods (24). Method 1 (M1) used a threshold of
41% of SUVmax to segment lesions previously identified by a
nuclear medicine physician. Method 2 (M2) used a convolutional
neural network model (25). Using M1, the optimal TMTV cutoff
was 242 cm3 to best distinguish between patients with short and
long progression-free survival. Applying that cutoff to TMTVs
measured with M2, the Youden index (sensitivity 1 specificity 2
1) was 0.18 (sensitivity, 41%; specificity, 77%; Table 2). From the
TMTV distributions obtained by the 2 methods (Supplemental
Figs. 1A–1C; supplemental materials are available at http://jnm.
snmjournals.org), ComBat identified the transformation needed
to convert M1 TMTVs to TMTVs that would have been
obtained if M2 segmentation had been used: TMTVM25
0:613TMTVM1228:64. This formula can be used to determine
how the cutoff appropriate for M1 TMTV should be shifted to
be applicable to TMTV measured with M2, which was 119 cm3

(50.61 3 242 2 28.64). With that cutoff, the Youden index was
0.22 (sensitivity, 64%; specificity, 58%), close to the performance
obtained when optimizing the cutoff directly on the M2 TMTV
(Youden index, 0.23). These results demonstrate the ability of
ComBat to determine how a cutoff should be shifted to account
for differences in the segmentation method.

TABLE 1
Description of Simulations

Site A Site B Site C

Experiment Limited stage Advanced stage Limited stage Advanced stage Limited stage

Experiment 1
(virtual site),
reference site5A

N5 1,000, m5 8,
SD53

ø N5 1,000, m512,
SD5 4

ø N51,000, m5 14,
SD5 5

Experiment 2,
reference site5A

N5 1,000, m5 8,
SD53

N51,000, m5 10,
SD5 3

N5 1,000, m512,
SD5 4

N5 1,000, m514,
SD54

ø

Experiment 3,
reference
site5A, without
and with
covariate
(5stage)

N5 1,000, m5 8,
SD53

N51,000, m5 10,
SD5 3

N5 1,000, m512,
SD5 4

ø ø

Experiment 4,
reference
site5A, without
and with
covariate
(5stage)

N5 1,000, m5 8,
SD53

N51,000, m5 10,
SD5 3

N5 200, m5 12,
SD5 4

N5 1,800, m514,
SD54

ø

Experiment 5,
reference
site5A, without
and with
covariate
(5stage)

N5 1,000, m5 8,
SD53

N51,000, m5 10,
SD5 3

N5 1,000, m512,
SD5 4

N5 1,000, m512,
SD54

ø

Experiment 6,
reference
site5A, without
and with
covariate
(5stage)

N5 1,000, m5 8,
SD53

N51,000, m5 10,
SD5 3

N5 1,000, m512,
SD5 4

N5 1,000, m520,
SD54

ø

N5number of simulated samples; m5mean of gaussian distribution; ø5no simulation for this category.
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CIRCUMSTANCES IN WHICH A COVARIATE IS NEEDED

Equation 1 corresponds to the simplest version of ComBat,
which is applicable when the 2 distributions of features to be real-
igned are drawn from the same population and differ only because
of a site effect. However, in many examples, each of these distri-
butions is itself composed of 2 or more distributions. For example,
a feature value distribution might be different in patients with dif-
ferent tumor stages. If the subcategories (patients with different
stages) are not present with the same frequencies at the 2 sites,
then the feature distributions observed at the 2 sites will differ in 2
respects: because of the site effect and because of the different fre-
quencies of subcategories. Equation 1 will not apply unless the
subcategory covariate is introduced. Equation 1 then becomes

yij 5a1Xijb1gi 1di«ij Eq. 3

where X is the design matrix for the covariates of interest,
and b is the vector of regression coefficients corresponding
to each covariate. The values after realignment are obtained using

yComBat
ij 5

yij2â2Xijb̂2ĝi

d̂i
1â Eq. 4

To illustrate the impact of using a covari-
ate, we performed 5 experiments, as listed
in Table 1 (experiments 2–6). In all experi-
ments, we assumed we had data from 2 dif-
ferent sites and that at each site there were
patients with limited-stage or advanced-
stage disease.
In experiment 2, the numbers of patients

with limited-stage and advanced-stage dis-
ease were identical at both sites. Using
ComBat with or without the stage covariate
yields almost identical results (Fig. 4). The
differences are because only 1 transforma-
tion is estimated without a covariate,
compared with 2 transformations corre-
sponding to each of the 2 stages in the ver-
sion including a covariate. Because the
proportion of patients in each stage is
exactly the same, the stage covariate does
not introduce confounding factors. The
covariate is thus not necessary, but using it
does not influence the ComBat results.
In experiment 3, the samples were the

same as in experiment 2, but there were no
advanced-stage patients at site B. Without

the covariate stage, ComBat realigns patients at site A (limited
and advanced stages) with patients at site B (limited stage only),
as shown in Figure 5. Although the realignment of the 2 distri-
butions seems to be satisfactory, a closer analysis shows that
limited-stage patients are not well aligned between sites A and
B because ComBat assumed that all site A patients were drawn
from a single distribution, identical to that of the site B patients.
When stage information is provided as a covariate, the distribu-
tions of limited-stage patients from site B are properly realigned
with those of limited-stage patients from site A.
The frequency of the covariate may also differ between the 2 sites,

such as in experiment 4 (Table 1). Similar to what was observed for
experiment 3, the stage covariate must be introduced in the model to
obtain a correct realignment for each stage (Fig. 4).
Applying ComBat with a covariate is different from performing

ComBat for each subcategory separately. Using a covariate
assumes that the site effect is identical for the 2 (or more) subcate-
gories composing the sample and that only the proportion of indi-
viduals in the subcategories differs between the sites. The
transformations associated with each subcategory are then con-
strained to have the same slope and will differ in their intercept

only, as the intercept expression includes
the design matrix X (Supplemental Fig. 2).
If that assumption can be made, using
ComBat with a covariate should be pre-
ferred to performing ComBat indepen-
dently for each subcategory, as ComBat
parameter estimates will benefit from a
larger sample. If the site effect is expected
to be different for the subcategories (e.g.,
for different tissue types), then ComBat
should be performed for each subcategory
independently. However, introducing cova-
riates implies that the transformation will
be determined from a smaller number of
patients, which may lead to a less reliable

FIGURE 2. Bland–Altman plots for SUVmax obtained using EARL1 and EARL2 reconstructions
before ComBat (A) and after ComBat (B). Black 5 without covariate; red 5 with metabolic volume
(cm3) as continuous covariate; m5 mean.

FIGURE 1. Box plot and feature value distributions for experiment 1 (Table 1). (A and D) Plots
before ComBat. (B, E, and G) Plots after ComBat by aligning data from sites B and C to site A. (C, F,
and H) Plots after ComBat by aligning data on virtual site (intermediate between 3 sites). Bottom
graphs show equations of transformations.
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estimate. The need for a covariate must therefore be carefully
considered.

NO INTRODUCTION OF SPURIOUS INFORMATION FROM
COMBAT COVARIATES

Introducing covariates does not artificially add information to the
data, as demonstrated by experiment 5 (Fig. 4). In that setting, the
data were the same as in experiment 4, except that at site B, lim-
ited- and advanced-stage patients yielded features with the exact
same distribution. When ComBat is used with the stage covariate,
limited-stage patients from both sites are realigned, advanced-stage
patients from both sites are realigned, and the differences in lim-
ited- and advanced-stage patient feature distributions are reduced
after pooling of the data from both sites, given that there was a real
difference between the 2 stages at site A but not at site B. The stage
covariate did not introduce any illegitimate differences between the
2 stages in patients scanned at site B (Fig. 4).
Similarly, when the difference between 2 categories (here,

stages) is more detectable on feature values measured at one site

(here, site B) than at the other (site A),
applying ComBat using a covariate will
not corrupt the results (Fig. 4). In experi-
ment 6, the gap between the limited and
advanced stages is 4 times larger at site B
than at site A. After realignment of the dis-
tributions with ComBat and the stage
covariate, the gap between the 2 stages
remains larger at site B (interquartile range
of feature values from site B after ComBat
with covariate, 7.5) than at site A (inter-
quartile range, 4.2), thus preserving the
original properties of the site B distribu-
tions (interquartile range, 8.4) compared
with without covariate (interquartile range,
4.7).
The fact that ComBat does not introduce

false-positives even with the addition of a
covariate has been previously demon-
strated using sham experiments (15).
The covariate can also take continuous

values. In the EARL experiment, the
addition of the metabolic tumor volume of
the volume of interest in cubic centimeters
as a covariate also slightly improved
agreement in SUVmax between with the
EARL1 and EARL2 reconstructions (Fig.
2), with a reduction in the SD of the
Bland–Altman plot from 2.1 SUV to 1.9
SUV.

COMBAT VERSUS Z SCORE

Another frequent harmonization method that can be applied a
posteriori to feature values is the calculation of z scores at each
site independently (26). The feature values at site A are con-
verted into z scores using the average feature value and associ-
ated SD observed over all patients at site A. The same procedure
is used for data from site B, using the mean and SD of all meas-
urements made at site B. In doing so, values measured at the 2
sites become comparable. Supplemental Figure 3 shows the result
after calculating a z score from the SUVmax in the lesions for
centers A and B in comparison with Figure 3. Yet, this does not
preserve the original range of values, since SUVs vary between
21.5 and 3.6 when expressed in z scores, against 1.2 SUV and
35.8 SUV on the original data. A second limitation is that it is
not possible to account for a covariate. Supplemental Figure 4
shows that the absence of the advanced stage at site B for experi-
ment 3 did not allow the distributions of the limited stages in the
2 sites to be aligned correctly when using a z score, in compari-
son to Figure 5.

FIGURE 3. Application of ComBat in liver and tumor tissues for SUVmax (A) and homogeneity (B).
(Left) Distributions at 2 sites before ComBat. (Center) Distributions after ComBat (site A 5 reference
site). (Right) Values after ComBat plotted against value for same index and tissue before ComBat.
Equation is transformation identified by ComBat to align data from site B to site A.

TABLE 2
Summary of Results Obtained with ComBat to Adjust TMTV Cutoffs Between Different Sites

Parameter Cutoff Youden Sensitivity Specificity

Cutoff optimized for M1 242 cm3 0.18 41% 77%

Based on M1 cutoff, estimated cutoff for M2
(ComBat without log transformation)

119 cm3 0.22 64% 58%

Optimal cutoff for M2 112 cm3 0.23 66% 57%
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REQUIREMENTS TO PREVENT FAILURE OF COMBAT

For ComBat to be useful, some basic assumptions must be ful-
filled. The first assumption is that the distributions of the features
to be realigned must be similar except for shift (additive factor)
and spread (multiplicative factor) effects. This assumption can be
checked by plotting the distributions of the feature values from the
2 sites. ComBat can be used even for nongaussian distributions. A
log transformation before applying ComBat (followed by expo-
nentiation after ComBat) can further improve the effectiveness of
ComBat for heavy-tailed distributions, as shown in Supplemental
Figure 1D.
The second assumption is that covariates (if any) that might

explain different distributions at the 2 sites (see the first assump-
tion) have to be identified and considered using the design matrix
of Equation 3.
Third, the different sets of feature values

to be realigned have to be independent. If
not, it is unlikely that the first assumption
will be met; hence, ComBat will not pro-
vide any sound result. A practical example
is the realignment of TMTVs as described
in this paper but between 2 segmentation
methods, M1 and M2, where M2 produces
the same result as M1 in some examples
and produces a different result in others.
Unless the cases for which the 2 methods
produce the same segmentation can be pre-
dicted and coded as a covariate (e.g., in
small lesions), ComBat should not be used.
To illustrate, we analyzed TMTV from 140
lymphoma patients. M1 corresponds to a
threshold set to an SUV of 4, and M2

corresponds to a majority vote between 3
segmentation approaches, including M1. In
60 of 140 cases, M2 led to exactly the
same TMTV as M1, and the TMTV was
different for all other cases. The TMTVs to
be aligned are not independent, thus result-
ing in a misalignment with ComBat (Sup-
plemental Fig. 5), which should realign the
cases in which the TMTVs are identical
and different separately.
Fourth, determining a single transforma-

tion with ComBat from data with different
tissue or tumor types does not always lead
to satisfactory data realignments, because
different texture patterns are not necessar-
ily affected identically by the image acqui-
sition and reconstruction protocols. It is
therefore not appropriate to realign them
all using a single ComBat transformation.
This consideration fully explains why Ibra-
him et al. (27) did not realign the data cor-
rectly with ComBat: the 10 patterns in the
investigated phantom were affected differ-
ently by the pixel spacing. When ComBat
was applied separately for each of the tex-
tural patterns, the realignments were cor-
rect (28).

AMOUNT OF DATA NEEDED TO USE COMBAT

The success of ComBat when only small datasets are available
depends on the magnitude of the site effect and on the representa-
tiveness of the samples available for each site. In previous studies
(13), ComBat was successful when the number of patients per site
was as low as 20. To illustrate the impact of the number of
patients, we reanalyzed previously published data (12) by aligning
the feature distribution from site B (74 patients) to site A (63
patients) after estimating the ComBat transformation using only a
subset of site B data (74 to 5 patients, 100 repeated random selec-
tions). Before ComBat, the distributions from the 2 sites were differ-
ent (Kolmogorov–Smirnov, P, 5%) for SUVmax or homogeneity
measured in the lesions (Supplemental Table 1). After ComBat, the
distributions were not significantly different in at least 95 of 100

FIGURE 4. Value distributions for experiments 2, 4, 5, and 6 (Table 1). (Left) Distributions before
ComBat. (Center) Distributions after ComBat (without covariates). (Right) Distributions after ComBat
and specifying stage as covariate.

FIGURE 5. Distributions for experiment 3 (Table 1). (Left) Distributions before ComBat. (Center)
Distributions after ComBat (without covariate). (Right) Distributions after ComBat and specifying
stage as covariate. (Top) Pooling of data at each site. (Bottom) Data represented per site and stage.
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tests when the transformation was estimated using 25 patients or
more from site B for SUVmax (20 patients for homogeneity). Sup-
plemental Figure 6 shows the increase in variability in estimating
the intercept and slope of the ComBat transformation when the esti-
mation is based on fewer and fewer patients. These results support
the recommendation of using ComBat when at least 20–30 patients
per batch are available. Use of a small sample size to estimate the
transformations can also lead to a nonsignificant Kolmogorov–Smir-
nov test because the scanner effect becomes undetectable. In case a
covariate is used, a minimum of 20–30 patients per covariate in
each batch is also recommended.
A variant of ComBat named B-ComBat, which uses a bootstrap

approach to determine the parameters of the transformation, has
been proposed (20). However, the use of B-ComBat and the poten-
tial benefit of this more computationally demanding approach
compared with ComBat have not yet been reported by independent
groups.

USE OF COMBAT IN PRACTICE

Different implementations of ComBat are publicly available (R,
Python, MATLAB [MathWorks]) and are summarized in Table 3.
ComBat can also be used without any third-party software or pro-
gramming skills using a free online application (https://forlhac.
shinyapps.io/Shiny_ComBat/).

DISCUSSION

In this article, we provide a guide to understanding and using
the ComBat harmonization method correctly. The main advantage
of ComBat is that it can be used retrospectively and directly on
image features that are already calculated without the need to per-
form phantom experiments. However, given that ComBat is a
data-driven method, a highly recommended practice is to

scrutinize the distributions of the feature values from the sites to
be pooled before using ComBat. This practice usually makes it
possible to quickly determine whether the assumptions underlying
ComBat are fulfilled, especially whether the distributions observed
at the different sites are similar except for shift and spread effects.
When this is the case, ComBat can be used; otherwise, the reason
should first be identified. Often, the reason is the presence of one
or more covariates, such as patient age, disease stage, treatment,
molecular subtype, or metabolic volume. When covariates can be
identified, it is easy to check whether ComBat assumptions are
met for each dataset corresponding to a covariate value and
whether the site effect impacts the sample corresponding to each
covariate identically. If so, ComBat can be used by including that
covariate. If the site effect impacts samples corresponding to each
covariate differently, then a specific ComBat transformation
should be estimated for each sample independently. Examination of
feature distributions in tumors can sometimes be challenging, as the
variability in the biologic signal associated with tumor heterogeneity
can hide other sources of variability associated with the site effect.
An easy check is to segment a reference region of fixed size in a
nonpathologic tissue (e.g., healthy liver) and observe feature values
within that region in images from different sites. This check is not
sufficient, as it will not give precise information about site effects
related to the spatial resolution in the images because the liver usu-
ally displays a low-frequency signal. However, we still find it useful
to characterize how image quality differs between sites.
ComBat users should keep in mind that data can be grouped in

the same batch if they were extracted from images obtained using
the same setting on the same scanner. If the image acquisition and
reconstruction protocols vary on a scanner, a careful check is
needed to ensure that this variance does not affect the image prop-
erties. Otherwise, different batches should be used for the same
scanner corresponding to different settings.

TABLE 3
Implementations of ComBat

Name Details

neuroComBat (script) https://github.com/Jfortin1/ComBatHarmonization; language: R, Python, or MATLAB

M-ComBat (script) https://github.com/SteinCK/M-ComBat; language: R

ComBaTool (standalone web application) https://forlhac.shinyapps.io/Shiny_ComBat/; language: R

TABLE 4
Opportunities and Limitations of Harmonization Using EARL and ComBat

Parameter Upfront harmonization (like EARL) ComBat

Opportunities Applicable without restriction on
number of patients; valid for any
pathology and feature

Applicable directly to calculated radiomic feature values
(no need to access images); no need for phantom
acquisition; applicable retrospectively; applicable
prospectively if data have already been acquired for
same pathology with same acquisition and analysis
protocols and settings; ability to realign data to
particular site

Limitations Not applicable retrospectively;
requires acquisition of phantom
images, optimization of
reconstruction settings, and
access to machine

Requirement for minimum number of patients ($20–30 per
batch); specific transformation for each type of tissue,
each type of tumor, each scanner, each material in
phantom, each analysis method (e.g., segmentation
approach) and each feature; not applicable prospectively
if little or no previously acquired data
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In prospective studies, the transformation to be applied with
ComBat can be deduced from data acquired previously for the
same patient population. The ComBat method is complementary
to the EARL standardization approach. We have summarized the
pros and cons of both approaches in Table 4. EARL and ComBat
can be used together if differences in feature distributions remain
even with an EARL-standardized imaging protocol.
Harmonization in medical imaging can also be seen as domain

adaptation, where the goal would be to produce images belonging
to a single domain (here, corresponding to the image quality or
accuracy obtained with a specific scanner and protocol) from
images recorded in different domains. Promising approaches for
domain adaptation using, for example, generative adversarial net-
works have been developed in recent years (29–31). The role of
such approaches in harmonizing PET and SPECT images remains
to be studied. Unlike ComBat, generative adversarial networks act
on the images and not on the already computed features; this
requires access to the images, which could be a limitation.

CONCLUSION

In this article, we provide a guide to using the ComBat method
to compensate for multicenter effects affecting quantitative bio-
markers extracted from nuclear medicine images and beyond. This
harmonization method is largely used in medical imaging and
should facilitate large-scale multicenter studies needed to translate
radiomics to the clinics.
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Is It Too Soon to Know When It’s LATE?

Angela C. Rieger and Daniel H.S. Silverman

Department of Molecular and Medical Pharmacology, David Geffen School of Medicine at UCLA, Los Angeles, California

Developments over the past 2 decades in neuronuclear imag-
ing and cerebrospinal fluid biomarker technologies for detecting
dementia-related proteinopathies have made it increasingly clear
how commonly Alzheimer disease (AD) has been clinically diag-
nosed to explain cognitive decline in patients who turn out to lack
biologic evidence of the traditional hallmarks of AD. Polymeric
amyloid-containing senile plaques or hyperphosphorylated tau-
comprised neurofibrillary tangles are the hallmarks that have come
to define an illness estimated to affect senior citizens numbering
6 million in America and an order of magnitude greater globally (1).
If, however, millions of patients worldwide meeting the clinical crite-
ria for AD do not actually harbor its defining patterns of cerebral amy-
loidopathy and tauopathy—or when, for example, they turn out to
have amyloid-positive scans but AD is excluded as the cause of their
dementia (e.g., when significant tauopathy is absent)—what processes
may then actually be underlying their evident cognitive decline?
Numerous such processes, involving various cell types and mol-

ecules, have been implicated. One such molecule, TAR DNA-
binding protein 43 (TDP-43), plays roles under normal conditions
in regulating RNA metabolism, messenger RNA transport, micro-
RNA maturation, and stress granule formation. In the absence of
neuropathology, TDP-43 is identified predominantly in its unphos-
phorylated state and located in cell nuclei. When hyperphosphory-
lated or ubiquitinated, TDP-43 can localize to the cytosol, with
nuclear loss of function and cytoplasmic gains of function leading
to a host of disorders including frontotemporal lobar degeneration,
amyotrophic lateral sclerosis, and limbic-predominant age-related
TDP-43 encephalopathy (LATE) (2).
Recently drafted consensus criteria (3) describe LATE as a neu-

rodegenerative disease occurring in older adults (most commonly
in their 80s) and clinically characterized by an amnestic dementia
syndrome that mimics AD. It is associated with a TDP-43 protein-
opathy affecting the amygdala and hippocampus structures in the
anteromedial temporal lobe first, followed by measurable involve-
ment of the prefrontal cortex and, especially, the middle frontal
gyrus. This form of dementia previously escaped definition as a
distinct diagnostic entity, in part because of its confusion with AD
(along with more general effects of aging) in this population, with
misdiagnoses having had little chance of being recognized as such
in the absence of autopsy, before the advent of PET-based and
cerebrospinal fluid–based biomarker testing for the presence of the
relevant proteinopathies. Diagnostic clarity in this regard has been
further confounded by the frequency with which there is

coexistence between proteinopathies serving as the primary patho-
logic hallmarks for each of several different dementia diagnoses with
overlapping clinical profiles. Examples are the amyloidopathy and
tauopathy of AD, with or without the synucleinopathy of dementia
with Lewy bodies, and the TDP-43 cytoplasmic inclusions associ-
ated with frontotemporal lobar degeneration or LATE (4–6). Pre-
ceding the current conceptualization of LATE, several other
descriptors for this and related conditions were used, such as TDP-
43 pathologies in the elderly, TDP-43 proteinopathy associated with
cognitive impairment, cerebral age-related TDP-43 with hippocam-
pal sclerosis, hippocampal sclerosis of aging, and hippocampal scle-
rosis dementia (3,7,8). The last 3 of these reflect how often the
pathologies of limbic-associated TDP-43 as a molecular finding,
and hippocampal sclerosis on a more macro scale, are both found,
but it is clear that either can exist in the absence of the other (9).
Clinically, LATE is distinguished by a less aggressive trajectory

of cognitive and functional decline than is AD and by generally
being diagnosed in older patients than is frontotemporal lobar
degeneration with TDP-43. The relatively restricted neuroana-
tomic distribution of TDP-43 proteinopathy, particularly in its ear-
lier stages, causes the hippocampus-dependent function of delayed
recall to typically be more prominently affected than are other
cognitive domains. This manifests as an amnestic syndrome
resembling early stages of AD, which is neuropathologically char-
acterized by a tauopathy also concentrated in medial temporal
structures. Correspondingly, MRI studies most often identify, in
early stages, volume loss associated with TDP-43 in medial tem-
poral lobe structures and, in later stages, diminished volume in
certain frontocortical regions (10). Apart from excluding AD as a
likely cause of a patient’s symptoms through imaging findings
regarded as negative for the presence of frequent amyloid plaques
or substantial tauopathy (11), published experience with PET in
the evaluation of patients with LATE is sparse. A pioneering
recent study in this regard compared 18F-FDG PET scans of
patients diagnosed as having AD with and without coexisting
TDP-43, suggesting that for a given magnitude of persisting infe-
rior temporal metabolism, AD patients with TDP-43 had more
severely diminished medial temporal metabolism than did AD
patients unaffected by TDP-43, resulting in a higher inferior
temporal–to–medial temporal metabolic ratio (6). Though quite
some time will elapse before we will have the kind of data needed
to establish the sensitivity and specificity of neuroimaging modali-
ties for assessing patients for the TDP-43 proteinopathy characteris-
tic of LATE—alone or in combination with other neuropathologic
changes—there is a pressing need for physicians who interpret
scans of patients with AD-like symptoms to consider a differen-
tial diagnosis encompassing all non-AD pathologies potentially
contributing to their clinical presentation. This process entails
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extracting the most clinically relevant information from scans by
piecing together 4 decades of existing PET experience along
with emerging, more systematic investigations, while our field
awaits more definitive tools and data to enable more scientifi-
cally secure conclusions. The following case attempts to illus-
trate this process.

CASE

A 78-y-old woman presented with memory difficulties that she
first noticed in January 2021, which her husband characterized as
“COVID fog,” as her cognitive decline was preceded by infection
with severe acute respiratory syndrome coronavirus 2. She com-
plained of struggling with articulating her thoughts. Her serum
thyroid-stimulating hormone and vitamin B12 levels were within
normal limits, and she had no history of anxiety or depression.
Neuropsychologic testing demonstrated diminished 5-min word
recall and mild deficits in naming, language ability, attention,
abstraction and visuospatial/executive function. An MRI study
demonstrated evidence of only very mild microangiopathy and
moderate generalized atrophy, whereas a PET study revealed a
markedly abnormal distribution of 18F-FDG in her forebrain, most
compatible with LATE (Fig. 1).

CONCLUDING REMARKS

LATE is an entity well suited for a molecular imaging–based
diagnosis, perhaps more so than any other neurodegenerative dis-
ease except AD as traditionally defined, from which it must
be distinguished. A definitive diagnosis of LATE will likely not be

possible in the premortem setting, however,
without neuroimaging that specifically
includes assessment of limbic structures
with a clinically available tracer for TDP-
43 that is sensitive and specific for localiz-
ing this protein in brain tissue. The develop-
ment of such a tracer will require
overcoming considerable challenges posed
by the intracellular location and small
pathologic burden of TDP-43 proteinop-
athy—challenges that limit signal inten-
sity (3).
In the meantime, some neuropsychologic–

biochemical bases for suspecting this neuro-
degenerative process are provided by a pre-
ponderance of diagnostic evidence built on
an AD-like clinical picture in older adults.
This evidence includes an amnestic compo-
nent of cognitive dysfunction, coupled with
a pattern of diminished regional cerebral
metabolism that is posterior-predominant
but nevertheless differs from AD in lacking
as marked a defect of posterior cingulate or
posterior/inferior parietotemporal activity in
the face of more anterior temporal meta-
bolic hypometabolism, as well as differing
from dementia with Lewy bodies in lacking
as marked a defect of occipital metabolism.
In fact, even with the eventual availability
of clinical TDP-43 imaging, the other 2
bases would remain valuable in ensuring

that TDP-43 not only has locally accumulated (particularly in this
age group in which neurodegenerative-type proteinopathy is known
to occur even among those who are cognitively normal) but also is
associated with regional cerebral dysfunction that marks the presence
of the LATE disease process. Ultimately, in the broader context of
dementia evaluations, whereas 18F-FDG PET serves as the neuroim-
aging modality with the single greatest specificity for distinguishing
across the full spectrum of neurodegenerative etiologies, the differen-
tial diagnostic and prognostic power of neuroimaging tools will be
expected to be optimized in evaluations for LATE (like other diag-
nostic entities) through application of available tools in combinations
intelligently selected to match the needs of each clinical situation
(12).
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T lymphocytes are key mediators of the adaptive immune response.
Inappropriate or imbalanced T-cell responses are underlying factors in
cancer progression, allergy, and other immune disorders. Monitoring
the spatiotemporal dynamics of T cells and their functional status has
the potential to provide unique biologic insights into health and dis-
ease. Noninvasive PET imaging represents an ideal whole-body
modality for achieving this goal. With the appropriate PET imaging
probes, T-cell dynamics can be monitored in vivo with high specificity
and sensitivity. Herein, we provide a comprehensive overview of the
applications of this state-of-the-art T-cell PET imaging toolbox and
the potential it has to improve the clinical management of cancer
immunotherapy and T-cell–driven diseases. We also discuss future
directions and prospects for clinical translation.
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T lymphocytes play a central role in the adaptive immune
response. The interplay between T cells and extracellular factors
maintains a careful balance between activation, proliferation, sur-
vival, and inhibition. Dysregulation of T-cell responses can con-
tribute to cancer progression, allergy, and immune disorders (1,2).
Noninvasive PET imaging represents an ideal approach for visual-
izing T-cell dynamics in vivo, which could improve our under-
standing of their role in disease pathogenesis. This has motivated
the development and evaluation of numerous T-cell imaging
probes in both preclinical and clinical settings (Fig. 1). The T-cell
PET imaging toolbox consists of a diverse set of approaches that
include direct labeling of cells in vitro, proteins and peptides tar-
geting endogenous T-cell surface and secreted biomarkers, small-
molecule metabolic tracers, and engineering cells to express PET
reporter genes (3). In direct cell labeling, immune cells are incu-
bated with radiolabels ex vivo before adoptive transfer into a liv-
ing subject for subsequent imaging. Although this is a relatively
straightforward methodology for T-cell tracking, its wider clinical

use to date has been limited. Incorporation of radionuclides can
cause toxicities, such as radiolysis, and can adversely impact T-cell
function. The radiolabel itself becomes diluted as cells divide and
proliferate in vivo, reducing the utility of this approach for longitu-
dinal imaging (4). Given the drawbacks of this approach, we will
focus our review on the alternative approaches mentioned above,
which are summarized in Table 1.

UTILITY OF T-CELL PET IMAGING FOR DIAGNOSIS OF
ALLOGENIC AND AUTOIMMUNE DISEASES

Inappropriate T-cell activation and trafficking are seen in a
range of pathologies, including acute graft-versus-host disease
(GVHD) in the allogenic transplant setting, and autoimmune dis-
eases such as rheumatoid arthritis (RA) and inflammatory bowel
disease. It is well documented that early diagnosis and timely ther-
apeutic intervention in these scenarios can lead to better outcomes
and minimize organ damage (5,6), illustrating the urgent need to
develop more reliable diagnostic tools. T-cell PET imaging repre-
sents an ideal approach for achieving noninvasive, early detection
of disease, before the onset of clinical symptoms.
T-cell imaging with 29-deoxy-29-18F-fluoro-9-b-D-arabinofura-

nosylguanine (18F-AraG) has successfully detected activated T
cells in secondary lymphoid organs at both early and late stages of
disease in a murine acute-GVHD model (Fig. 2A) (7) and is now
being evaluated clinically in hematopoietic stem cell transplant
recipients (NCT03367962). Imaging of the T-cell surface lineage
marker CD3 successfully visualized the total T-cell compartment
in vivo in a humanized GVHD model (8). However, downregula-
tion of CD3 expression during T-cell activation poses a limitation
to this approach. A 64Cu-labeled OX40 monoclonal antibody dem-
onstrated excellent diagnostic potential in a murine acute-GVHD
model, detecting T-cell activation early in disease and before pre-
sentation of overt clinical symptoms (Fig. 2B) (9). However, the
agonist OX40 monoclonal antibody clone used in this model also
accelerated acute GVHD lethality, even when administered at the
relatively low mass doses used for imaging. These findings high-
light the importance of testing for biologic perturbations and over-
all safety before clinical translation. Given the utility of OX40 as a
biomarker of GVHD, using an OX40 antagonist clone may be a
safer imaging approach for GVHD and other indications for which
T-cell activation may be deleterious.
Imaging activated T cells also represents a promising strategy

for early diagnosis of RA. Although 18F-FDG was tested in pre-
clinical and clinical RA studies, the glucose metabolism pathway
is shared by multiple tissues, which results in a high rate of
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false-positives, especially when the region of interest is adjacent to
metabolically active tissues (10). Evaluation of 18F-AraG in a pre-
clinical adjuvant-induced arthritis model (Fig. 2C) (11) showed
significantly higher accumulation of 18F-AraG in RA-affected paws
in both the acute and the chronic phases of disease, demonstrating
its potential utility for RA diagnosis. Because of the enormous chal-
lenge of developing small-molecule binders, antibody-based PET
tracers known as immuno-PET probes are favored as a reliable tool
for immune cell imaging given their robust and facile radiolabeling
protocols. Immuno-PET tracers targeting T-cell surface or secreted
biomarkers should also warrant evaluation for RA detection in future
studies (12).
For inflammatory bowel disease detection, an anti-CD4 mono-

clonal antibody labeled with 111In was previously evaluated
for SPECT imaging of CD4-positive T cells. More recently, an
89Zr-labeled CD4-specific GK1.5 cys-diabody was developed and
evaluated in a mouse model of dextran sulfate sodium–induced
colitis (Fig. 2D) (13). Increased accumulation of 89Zr-maleimide-
deferoxamine–GK1.5 cDb was detected in the distal colon of
colitis mice and further corroborated by increased CD4-positive
immunohistochemistry staining, demonstrating the sensitivity of
this probe for CD4-positive T cells in vivo. Whether PET quantifi-
cation correlated with disease severity was not discussed in
this study; further evaluation is therefore required to explore the
feasibility of this approach for determining disease severity.
Additionally, naïve CD4-positive T cells residing in the gut
may raise the background signal in CD4-targeted imaging. Since

activated T cells are the true mediators of
inflammatory bowel disease pathogenesis,
PET tracers specific to activated T cells
may be preferred.

T-CELL PET IMAGING FOR PREDICTING
AND MONITORING IMMUNE RESPONSE
TO CANCER IMMUNOTHERAPIES

Immunooncology has rapidly evolved over
the last decade (14), with numerous clinical
trials demonstrating the unprecedented success
of cancer immunotherapies in treating late-
stage and recurrent malignancies, including
relapsed or refractory B-cell malignancies,
melanoma, bladder cancer, and non–small cell
lung carcinoma (15–18). Despite the meteoric
rise of these innovative therapies, only a small
fraction of patients exhibits durable responses,
highlighting the urgent need for reliable tools
to monitor and predict therapeutic response
(19). Anatomic imaging often lacks sensitivity
and does not collect direct molecular or func-
tional information about the T-cell compart-
ment. Biopsies are invasive, risk iatrogenic
complications, fail to capture whole-body
information, and do not assess tumor hetero-
geneity (20,21). Longitudinal PET imaging
and quantitative analysis of T-cell distribution
in tumors or secondary lymphoid organs
before and after treatment may correlate with
therapeutic response, helping clinicians to
identify patients most likely to benefit from
treatment (22). With this motivation, a wide

range of T-cell–specific PET tracers has been developed and evaluated
in preclinical studies and clinical trials.
Endogenous T-cell biomarkers include those specifically expressed

on the cell surface, such as T-cell lineage markers (CD4, CD8); those
secreted by certain T-cell subsets, such as granzyme B; and activation
markers, such as CD278 and CD134 (Figs. 3A and 3B). A major
advantage of using immuno-PET probes is their high specificity
and affinity toward their homologous target, generating high sig-
nal-to-noise ratios and high-contrast images. Neutral binders
without agonistic and antagonistic functions have the potential
to be widely applicable without concern about perturbative
effects. However, because of their large size, intact antibodies
(150 kDa) can suffer from poor penetration into target tissues
and slow clearance. Additionally, the crystallizable fragment regions
of whole antibodies can bind nonspecifically to crystallizable frag-
ment receptors on other cells, such as macrophages and natural killer
cells (23). To overcome these challenges, antibody fragments such as
the minibody, diabody, and single-domain antibody formats and other
engineered protein scaffolds have been evaluated as radiotracers
(24,25). These smaller vectors are likely to exhibit better tissue pene-
tration and faster clearance and are more suited to radiolabeling with
PET isotopes with shorter half-lives, making same-day imaging more
feasible (26).
Radiolabeled small molecules are usually designed to target

specific intracellular metabolic pathways, such as carbohydrate
metabolism and DNA synthesis. The most widely used clinical
PET tracer for cancer diagnosis and staging, 18F-FDG, has also

FIGURE 1. Approaches to PET imaging of T cells. T-cell PET imaging toolbox expanded rapidly
over last decade. (A) Numerous T-cell–specific PET tracers have been developed, including radiola-
beled antibodies and antibody fragments, protein scaffolds, small molecules, and tracers comple-
mentary to reporter genes that can be used to track engineered T cells. (B) These approaches have
been evaluated in both preclinical and clinical studies. (C) Noninvasive PET imaging of T cells has
potential to be highly useful, allowing preclinical researchers and clinicians to predict or monitor ther-
apeutic response to cancer immunotherapy. This modality also enables early diagnosis of inflamma-
tory diseases, such as GVHD, RA, and inflammatory bowel disease, for timely and effective
intervention.
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been explored for monitoring immune responses (27). Since the
glycolytic pathway is shared by both activated immune cells and
cancer cells, its specificity for the interrogation of T-cell responses
is low. Rapidly proliferating T cells rely heavily on the nucleoside
salvage pathway for DNA synthesis. Deoxycytidine kinase
and deoxyguanosine kinase are key enzymes that regulate this
pathway, motivating the development of radiolabeled small mole-
cules targeting each. The first deoxycytidine kinase-targeting
PET tracer, 1-29-deoxy-29-18F-fluoroarabinofuranosyl cytosine,
was able to distinguish proliferating CD8-positive T cells from
naïve T cells (28), but rapid catabolism in vivo impeded its clinical
translation. Another deoxycytidine kinase tracer with improved
metabolic stability, 2-chloro-29-deoxy-29-18F-fluoro-9-b-D-arabinofura-
nosyl-adenine, was subsequently developed and evaluated in glioblas-
toma patients treated with PD-1 blockade. Increased accumulation
of this tracer was observed in secondary lymphoid organs and tumor
tissue, and the PET signal in the latter strongly correlated with the
concentration of tumor-infiltrating lymphocytes (Fig. 3C) (29).
18F-AraG, a guanosine analog with high specificity for deoxyguano-
sine kinase, was successfully used to detect activated T cells induced
by anti-PD-1 therapy in mouse models, enabling early prediction of
therapeutic response (30). Given its favorable imaging characteristics,

several clinical trials are currently evaluating the feasibility of
monitoring T-cell responses with 18F-AraG (NCT04186988, NCT047
26215).
Engineering cells to express reporter genes encoding proteins

that can be detected with complementary PET tracers is a promis-
ing approach suited to tracking adoptively transferred T cells (31).
The most extensively evaluated PET reporter gene is the herpes
simplex virus type 1 thymidine kinase (HSV1-tk) and its mutant
version HSV1-sr39tk. In a pilot clinical study, CD8-positive cyto-
toxic T lymphocytes were engineered to express both HSV1-tk and
interleukin-13 zetakine chimeric antigen receptor (CAR) and then
adoptively transferred into recurrent high-grade glioblastoma
patients. 18F-FHBG was subsequently administered to monitor the
trafficking and proliferation of the engineered cytotoxic T lympho-
cytes in the brain (Fig. 3D) (32). This landmark study demon-
strated the feasibility of using the HSV1-tk system to clinically
track engineered immune cells. The HSV1-sr39tk system can
also act as a suicide gene on treatment with the prodrug ganciclo-
vir, enabling ablation of CAR-T cells for safe control of potential
toxicities (33). Human PET reporter genes including sodium
iodide symporter, norepinephrine transporter, and somatostatin
receptor 2 have also been developed to overcome the potential

TABLE 1
Candidate Biomarkers for PET Imaging of T-Cell Responses

Target Type Stage Application

OX40 Surface biomarker Preclinical TILs, GVHD

CTLA-4 Surface biomarker Preclinical TILs, GVHD

CD3 Surface biomarker Preclinical TILs

CD4 Surface biomarker Preclinical TILs, IBD, HSCT, lymphoid organs

CD8 Surface biomarker Preclinical/clinical TILs, lymphoid organs

ICOS Surface biomarker Preclinical TILs, CAR-T

PD-1 Surface biomarker Preclinical/clinical TILs

IL-2R Surface biomarker Preclinical/clinical TILs, ONNV, lymphoid organs

TCRmu Surface biomarker Preclinical CAR-T

VLA4 Surface biomarker Preclinical Tuberculosis

Granzyme B Secreted biomarker Preclinical TILs

dCK Intracellular enzyme Preclinical/clinical TILs, autoimmune hepatitis

dGK Intracellular enzyme Preclinical/clinical GVHD, TILs, RA

HSV1-tk Reporter gene/encoded protein size (46 kDa) Preclinical/clinical CAR-T

HSV1-sr39tk Reporter gene/encoded protein size (42 kDa) Preclinical RA

PSMA Reporter gene/encoded protein size (100 kDa) Preclinical CAR-T

NET Reporter gene/encoded protein size (69 kDa) Preclinical TILs

SSTR2 Reporter gene/encoded protein size (41 kDa) Preclinical CAR-T

DHFR Reporter gene/encoded protein size (18 kDa) Preclinical CAR-T

NIS Reporter gene/encoded protein size (69 KDa) Preclinical CAR-T

2D12.5/G54C Reporter gene/encoded protein size (52 kDa) Preclinical CAR-T

TIL 5 tumor infiltrating lymphocytes; CTLA-4 5 cytotoxic T-lymphocyte antigen-4; IBD 5 inflammatory bowel disease; HSCT 5

hematopoietic stem cell transplantation; IL-2R 5 interleukin-2 receptors; ONNV 5 o’nyong-nyong virus; TCRmu 5 murine T-cell receptor
b-domain; VLA4 5 very late antigen-4; dCK 5 deoxycytidine kinase; dGK 5 deoxyguanosine kinase; PSMA 5 prostate-specific
membrane antigen; NET 5 norepinephrine transporter; SSTR2 5 somatostatin receptor 2; DHFR 5 dihydrofolate reductase enzyme;
NIS 5 sodium iodide symporter; 2D12.5/G54C 5 antilanthanoid-DOTA antibody.

PET tracers targeting biomarkers listed here are also discussed in references 3, 22, and 35.
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immunogenicity of HSV1-tk and evaluated for CAR-T-cell imag-
ing. However, because of their endogenous expression, as well as
the internalization of hNET and somatostatin receptor 2, their
application has been limited (34). Recently, a highly promising
prostate-specific membrane antigen/18F-DCFPyL reporter system
was evaluated for CD19-positive CAR-T-cell imaging (35). To
specifically prevent the internalization of prostate-specific
membrane antigen, human CD19-targeted CAR-T cells were
transduced with an N-terminally modified variant, tPSMA(N9del).
18F-DCFPyL, a prostate-specific membrane antigen–specific PET
tracer, subsequently allowed detection of these cells with high
sensitivity and specificity in vivo. Importantly, quantification of
the 18F-DCFPyL PET signal from CD19-positive CAR-T cells in
these tumors led to more accurate assessment of therapeutic
response than that from measurement of CAR-T cells in peripheral
blood.

CONCLUDING REMARKS

Here, we have reviewed state-of-the-art PET imaging approaches
for in vivo T-cell visualization and their applications in T-cell–
mediated diseases and cancer immunotherapy. Noninvasive PET
imaging has the potential to provide comprehensive information
about the distribution and abundance of immune cell subsets in real
time (36,37). With these imaging approaches, physicians and research
scientists can be better informed about the adaptive immune response
and T-cell behaviors in different settings, which would greatly facili-
tate personalized medicine.
For novel T-cell PET tracers to translate from bench to bedside,

lessons learned in the clinic should be brought back to the bench

FIGURE 2. PET imaging of T cells for early detection of inflammatory
diseases. (A) 18F-AraG enables detection of T-cell activation in cervical
lymph nodes during acute GVHD (7). (B) OX40 immuno-PET allows early
diagnosis of acute GVHD, before overt clinical symptoms (9). (C) 18F-AraG
imaging detects RA in mouse model of adjuvant-induced arthritis (11). (D)
89Zr-labeled CD4-targeting cys-diabody allows detection of inflammatory
bowel disease (white arrow indicating mesenteric lymph nodes) (13).
CLN 5 cervical lymph nodes; I 5 intestine; M 5 mesenteric lymph node,
S5 spleen.

FIGURE 3. PET imaging of T cells enables monitoring of treatment
response in cancer immunotherapy. (A) ICOS immuno-PET with 89Zr-
DFO-ICOS monoclonal antibody visualizes and predicts therapeutic
response in mouse model of Lewis lung cancer treated intratumorally with
STING agonist and PD-1 blockade (37). (B) OX40 immuno-PET imaging
enables visualization of activated T cells in A20 tumor–bearing mouse
treated intratumorally with CpG (arrow represents CpG-treated tumor)
(44). (C) Elevated uptake of 2-chloro-29-deoxy-29-18F-fluoro-9-b-D-arabi-
nofuranosyl-adenine was observed in several lymph nodes (arrows) of
recurrent glioblastoma patient after treatment with tumor lysate–pulsed
DCVax and PD-1 blockade (bottom), compared with before treatment
(top) (29). (D) 18F-FHBG enables visualization of HSV-TK1 reporter
gene–modified interleukin-13 CAR-T cells (arrows) in recurrent glioblas-
toma patients (top, before CAR-T infusion; bottom, after CAR-T infusion)
(32). T5 treated tumor.
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to facilitate probe optimization. Although many T-cell–targeted
PET tracers have yielded promising preclinical results, only a few
candidates are currently under clinical investigation, and they have
yet to be approved for routine clinical use. This imbalance may be
attributed to redundant preclinical studies. To streamline PET tracer
development, unsupervised analysis of prospective biomarkers
using both preclinical and clinical “omic” datasets would help iden-
tify the optimal target for a given application. In a recent study, we
used RNAseq to compare several candidate T-cell activation
markers expressed on activated CD19-positive human CAR-T cells,
and inducible costimulator was identified as a promising imaging
biomarker that was specifically and consistently upregulated; subse-
quent PET imaging was focused accordingly (38). In the future,
advanced techniques such as Slide-seq and CODEX (CO-Detection
by indEXing) should be incorporated to identify the most relevant
biomarker for T-cell imaging in a given scenario (39,40). Another
reason for the imbalance is the slow adoption of novel molecular
imaging techniques in the clinic. In conventional clinical workflow,
anatomic imaging remains the gold standard for therapeutic response
evaluation and monitoring; novel immunotherapy adjuvants are also
approved by the Food and Drug Administration under certain criteria.
Future clinical studies need to demonstrate that these PET approaches
provide actionable insights for improved patient management. In a
recent landmark study, PD-L1 imaging in cancer patients indicated
that noninvasive immuno-PET outperformed RNA and
immunohistochemistry-based biomarker measurements from tissue
biopsies in the selection of patients most likely to benefit from
PD-L1 blockade (41). These are compelling reasons to accelerate
the clinical evaluation of new probes and the selection of the most
promising candidates for further consideration.
To optimize the T-cell PET imaging toolbox, we should care-

fully compare different biomarkers, pathways, and probe formats.
For example, intact antibodies exhibit higher binding affinity than
small molecules but lower tissue penetration. Although the reporter
gene strategy has the advantage of low background, immunogenic-
ity usually limits its wider applications. Thus, among all the poten-
tial candidates, we should consider their affinity, specificity,
sensitivity, immunogenicity, tissue penetration, and clearance and
then select the best candidate for further investigation. Moreover,
with current imaging probes, although we can visualize the in vivo
distribution of distinct T-cell populations, we are unable to delin-
eate their antigen specificity. A recent published study reported a
novel engineered PET imaging probe—64Cu-labeled synTac (syn-
apse for T-cell activation)—which was able to distinguish antigen-
specific CD8-positive T cells from bystander CD8-positive T cells
(42). This powerful approach could allow the detection of cytotoxic
CD8-positive T cells specific for invading pathogens or tumor
cells, which would provide more precise assessment of cancer
immunotherapy efficacy or disease severity. Finally, the ground-
breaking total-body PET will substantially improve sensitivity,
enabling enhanced detection of T cells while also lowering the
radioactive dose typically required to acquire high-resolution
images, allowing for safer repeat imaging (43).
In summary, the T-cell PET imaging toolbox has great potential

for improving clinical management of cancer immunotherapy and
diagnosis of T-cell–driven immunopathology. Further optimization
of these approaches is still needed to overcome limitations in their
specificity, sensitivity, and safety. We hope that our discussion
will highlight the utility of the T-cell PET imaging toolbox to both
researchers and physicians and encourage the translation and
wider adoption of these tools in clinical practice.
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In the past decade, the management of differentiated thyroid cancer
(DTC) underwent a paradigm shift toward the use of risk stratification
with the goal of maximizing the benefit and minimizing the morbidity
of radioiodine (131I) therapy. 131I therapy is guided by information
derived from surgical histopathology, molecular markers, postopera-
tive diagnostic radioiodine scintigraphy, and thyroglobulin levels. 131I
is used for diagnostic imaging and therapy of DTC based on physio-
logic sodium-iodine symporter expression in normal and neoplastic
thyroid tissue. We summarize the essential information at the core of
multidisciplinary DTC management, which emphasizes individualiza-
tion of 131I therapy according to the patient’s risk for tumor
recurrence.
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Standard-of-care management for differentiated thyroid cancer
(DTC) is risk-adapted and typically includes surgery, 131I therapy,
and thyroid hormone therapy. In rare cases of radioiodine-
refractory disease, symptomatic relief and slowing of metastatic
disease progression may be provided by external radiotherapy,
radiofrequency ablation, and multikinase or tyrosine kinase
inhibitors.

EPIDEMIOLOGY AND CLASSIFICATION

Thyroid neoplasms are the most common endocrine tumors
(annual incidence, 8–9 cases/100,000 people), and DTC accounts
for more than 90% of cases. The rising DTC incidence in recent
years may reflect a combination of increased imaging and a concom-
itant true rise in incidence (1). DTC is biologically and functionally
heterogeneous, with different molecular pathways impacting cancer
cell biology. In particular, BRAF V600E mutation is associated with
reduced expression of all thyroid-specific genes involved in iodine

metabolism, resulting in variable decreased responsiveness to
131I therapy (2). The clinical, pathologic, and molecular characteris-
tics of DTC are summarized in Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org) (3).

DIAGNOSIS

The most common clinical presentation of DTC is as an inci-
dental thyroid nodule. Neck ultrasound, serum thyroid-stimulating
hormone (TSH), and thyroid scintigraphy are used to select high-
risk nodules for fine-needle aspiration. Sonomorphologic nodule
features are used in the Thyroid Imaging Reporting and Data Sys-
tem, a standardized risk assessment for thyroid malignancy. In the
absence of suggestive cervical lymph nodes, fine-needle aspiration
is discouraged for nodules smaller than 1 cm, and the decision to
aspirate larger nodules is guided by the Thyroid Imaging Report-
ing and Data System score in the context of nodule size.

SURGICAL TREATMENT

Traditionally, total or near-total thyroidectomy was performed
on most DTC patients, with lobectomy reserved for cytologically
indeterminate nodules or patients with unifocal microcarcinoma
(i.e., papillary thyroid carcinoma # 1 cm). Currently, lobectomy
is suggested for patients with unifocal intrathyroidal low-risk DTC
up to 4 cm in the absence of additional risk factors (i.e., no clinical
evidence of nodal metastases, cN0) (4). The management of low-
risk DTC between 2 and 4 cm remains a topic of debate, and total
thyroidectomy is still frequently advised (5). Active surveillance is
an alternative to lobectomy for unifocal papillary thyroid micro-
carcinoma with no extracapsular extension or lymph node metasta-
ses (6). The decision for active surveillance is based primarily on
age-related risk of progression, individual surgical risk factors,
and patient preference (7).
Cervical lymph nodal metastases occur in 20%–60% of patients

with DTC, and this nodal involvement varies from clinically rele-
vant macrometastases to seemingly clinically irrelevant microme-
tastases (8,9). When lymph nodal metastases are diagnosed
preoperatively, central or lateral neck compartment dissection
reduces the risk of locoregional recurrence. Prophylactic central
neck dissection may improve regional control for invasive tumors
(T3–T4) but is discouraged for low-risk DTC because potentially
associated morbidities (i.e., hypoparathyroidism and recurrent
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laryngeal nerve damage) are not justified by a significant clinical
benefit (10).

POSTOPERATIVE MANAGEMENT

Postoperative evaluation includes thyroglobulin measurement,
neck ultrasound, and diagnostic radioiodine (131I or 123I) whole-
body scanning (WBS), which is helpful to identify persistent
disease and characterize tumor 131I avidity. Tumor biology infor-
mation encrypted in the molecular profile may also help determine
indications for 131I treatment and modulate treatment intensity;
however, further studies are required before molecular profiling
can be incorporated into clinical practice. Institutional manage-
ment protocols are established by multidisciplinary teams based
on the local availability and expertise of the surgical, pathology,
radiology, and laboratory components integral to the DTC treat-
ment algorithm (11).

Postoperative 131I Therapy
The goal of 131I therapy is determined on integration of

clinical–pathologic, laboratory, and imaging information, using
standardized definitions as follows (12).
Remnant Ablation. Remnant ablation is intended to eliminate

postoperative normal thyroid tissue remnants in low-risk DTC in
order to achieve an undetectable serum thyroglobulin level, facili-
tating follow-up and early detection of relapse. Thyroid remnant
ablation also enables high-sensitivity posttherapy WBS for diagno-
sis and localization of any residual disease after surgery, such
as unsuspected regional cervical metastases or distant meta-
static disease.
Adjuvant Treatment. Adjuvant 131I treatment in patients with

suspected microscopic metastatic disease is based on histopatho-
logic risk factors that predict tumor spread beyond the thyroid
gland, with the intention of irradiating and eliminating occult
infraradiologic residual disease in the neck or other occult micro-
metastases to improve recurrence-free survival.
Treatment of Known Disease. 131I treatment in patients with

known residual or metastatic disease has the goal of eliminating
iodine-avid regional or distant metastases in order to achieve cure
or remission, reduce persistent or recurrent disease, and improve
overall prognosis.

Preparation for 131I Therapy
Evaluation with radioiodine scintigraphy and 131I therapy is

scheduled to take place at a minimum of 4 wk after surgery, which
allows time to prepare the patient and reach the necessary postoper-
ative thyroglobulin plateau levels, used as a marker for residual
thyroid tissue or metastatic thyroid cancer after total thyroidectomy.
Thyroglobulin levels must always be interpreted in the context of
concomitant TSH level (unstimulated vs. stimulated thyroglobulin)
and type of TSH stimulation (endogenous vs. exogenous) (13).
Patient preparation for optimal 131I uptake by residual thyroid tis-
sue and metastatic disease includes 1–2 wk of a low-iodine diet
(Supplemental Table 2) and adequate TSH stimulation (TSH $ 30
mIU/L, measured 1–3 d before 131I administration) by either thy-
roid hormone withdrawal (THW) or recombinant human TSH
(rhTSH) stimulation (14). For female patients of childbearing age
(12–50 y), a negative pregnancy test is required within 72 h of 131I
administration or before the first rhTSH injection (if used), unless
the patient has undergone hysterectomy or is postmenopausal.
There are 2 main approaches to TSH stimulation, which is nec-

essary for increasing Na-I symporter expression and function in

metastatic lesions (and residual thyroid tissue), with the goal of
increasing the diagnostic sensitivity of 131I scintigraphy and
absorbed radiation dose to target lesions.
Endogenous TSH Stimulation. Endogenous TSH stimulation is

through thyroid hormone deprivation after total thyroidectomy,
thus inducing a hypothyroid state: the hypothyroid stimulation
protocol (THW) has 2 variants: levothyroxine withdrawal for 4 wk
or levothyroxine/liothyronine substitution for the first 2 wk.
Exogenous TSH Stimulation. For exogenous TSH stimulation,

the patient continues levothyroxine treatment, and TSH is elevated
through administration of rhTSH (thyrotropin alfa [Thyrogen;
Genzyme] stimulation protocol): 0.9 mg of rhTSH administered
intramuscularly on 2 consecutive days, followed by 131I therapy
administered at 48–72 h.
The choice of preparation method (THW vs. rhTSH) needs to

be individualized for each patient. There is general agreement that
for normal thyroid tissue (i.e., thyroid remnant), rhTSH and THW
stimulation are equivalent, because normal thyroid tissue has con-
stitutive high expression of highly functional Na-I symporter and
does not require prolonged TSH stimulation for adequate 131I
uptake and retention. However, metastatic thyroid cancer is less
dense and has poorer functionality of the Na-I symporter; there-
fore, TSH elevation over time (area under the curve of TSH stimu-
lation) is important to promote increased 131I uptake and retention
in tumors (15,16). In the setting of distant metastases, THW prepa-
ration and dosimetry-guided 131I therapy are favored, when clini-
cally safe and feasible (17–19).

131I THERAPY

There are 2 approaches to delivering 131I therapy: the theranos-
tic approach, which integrates the information obtained with
postoperative diagnostic radioiodine (123I or 131I) scans in the
management algorithm, and the risk-based approach based on
clinical–pathologic factors and institutional protocols. Which of
these 2 approaches is chosen depends on local factors, including
the quality of surgery; the availability of, and expertise with, vari-
ous imaging modalities; and physician and patient preferences.
Each approach has strengths and limitations, and no conclusive
evidence regarding primary outcome measures is available for rec-
ommending one strategy over the other.

Management of the Integration of Functional Diagnostic
Radioiodine Imaging

This theranostic approach to 131I administration involves the
acquisition of a postoperative diagnostic radioiodine (123I, 131I, or
124I) scan for planning 131I therapy. Diagnostic WBS is performed
to identify and localize regional and distant metastatic disease and
to determine the capacity of metastatic deposits to concentrate
131I. Depending on institutional protocols, the findings on diagnos-
tic WBS may alter management, such as providing guidance for
additional surgery; altering the prescribed 131I therapy, either by
adjusting conventional 131I activity or by performing dosimetry
calculations to determine the maximum tolerated therapeutic 131I
activity for treatment of distant metastases; and avoiding unneces-
sary 131I therapy when diagnostic WBS finds no evidence of resid-
ual thyroid tissue or metastatic disease and the stimulated
thyroglobulin is less than 1 ng/mL in the absence of interfering
antithyroglobulin antibodies (the thyroglobulin cutoff should be
adapted locally depending on the stimulation protocol and thyro-
globulin assay) (17). Information acquired from the diagnostic
WBS may also lead to additional functional metabolic imaging
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with 18F-FDG PET/CT when non–iodine-avid metastatic disease
is suspected (on the basis of thyroglobulin elevation out of propor-
tion to the findings on the diagnostic WBS). It is preferable for
postoperative diagnostic scanning to be performed using integrated
multimodality imaging (i.e., SPECT/CT), whenever available.
SPECT/CT is relevant for assessing focal radioiodine uptake in
the neck, for differentiating thyroid remnant from nodal metasta-
sis, and for detecting metastases in normal-sized cervical lymph
nodes (not appreciated on postoperative neck ultrasound). Scinti-
graphic evaluation with diagnostic WBS can identify pulmonary
micrometastases (which are too small to be detected on routine
chest radiographs and may remain undetected on CT; Fig. 1) and
bone metastases at an early stage (i.e., before cortical disruption is
visible on bone radiographs or CT; Fig. 2). Most importantly,
since 131I therapy is most effective for smaller metastatic deposits,
early identification of regional and distant metastases is important
for successful therapy (20,21). In a group of 320 thyroid cancer
patients referred for postoperative 131I therapy, diagnostic WBS
with SPECT/CT detected regional metastases in 35% of patients
and distant metastases in 8% of patients. This scintigraphy infor-
mation changed staging in 4% of younger, and 25% of older,
patients (22). Clinical management was changed in 29% of
patients when information from diagnostic WBS and stimulated
thyroglobulin was integrated into the decision algorithm, as

compared with a management strategy based on clinical and histo-
pathology information alone (23). In 350 patients at intermediate
and high risk of recurrence, a single 131I therapeutic administration
guided by postoperative diagnostic WBS information resulted in a
complete response in 88% of patients with locoregional disease
and 42% of patients with distant metastases (median follow-up of
3 y) (24). The information obtained with the diagnostic WBS rea-
sonably predicts 131I therapeutic localization and can be used for
131I therapy planning in the paradigm of thyroid cancer radiothera-
nostics (22,25,26).

124I is a positron emitter isotope with a 4.2-d half-life that
has imaging characteristics superior to those of 123I and 131I scin-
tigraphy. 124I is expensive, with limited accessibility, and is
not widely available; however, on the basis of its PET imaging
capability, 124I is the ideal agent for pretherapy tumor and organ
dosimetry calculations (27). A standardized protocol for 124I PET/
CT acquisition, analysis, and quantification remains to be
established.

Risk-Adapted 131I Therapy Followed by 131I Scans with
Diagnostic Intent
The conventional approach, in which the nuclear medicine

physician chooses an 131I activity based on local protocols, avail-
ability, experience with various imaging modalities, and patient-

related parameters, is widely used for thy-
roid remnant ablation, adjuvant treatment,
and curative therapy of known structural
disease. With this therapeutic approach, the
prescribed 131I activity depends on the goal
of 131I therapy as determined by the esti-
mated risk for persistent or recurrent dis-
ease. Thyroid remnant ablation in low-risk
patients is typically performed with a low
131I activity (i.e., 1.1–1.85 GBq [30–50
mCi]). Adjuvant 131I therapy is performed
with a slightly higher activity (i.e.,
1.85–3.7 GBq [50–100 mCi], with some
institutions extending this range to 5.55
GBq [150 mCi]). Treatment of known dis-
ease is performed by administering a high
activity (i.e., 3.7–5.56 GBq [100–150 mCi]
for advanced locoregional disease and 5.6
27.4 GBq [150–200 mCi] for distant meta-
static disease) (28). However, when diag-
nostic scintigraphy demonstrates diffuse
homogeneous uptake throughout the lungs,
simplified whole-body dosimetry should be
performed to adjust the prescribed 131I activ-
ity so that pulmonary 131I retention does not
exceed 3 GBq (80 mCi) after 48 h, with the
goal of minimizing the risk of radiation-
induced lung toxicity (29). Administration of
therapeutic 131I activities of at least 7.4 GBq
(200 mCi) for treatment of diffuse distant
metastatic disease requires full whole-body
or blood dosimetry calculations (24). Table 1
shows a suggested 131I therapy framework
in DTC.
Posttherapy WBS is performed at 2–7 d

after 131I administration to localize the thera-
peutic 131I and assess for regional and distant

FIGURE 1. Radioiodine theranostics for 63-y-old man with 2.2-cm regionally advanced papillary
thyroid carcinoma and of 11 lymph nodes dissected, all 11 were positive for metastasis, in surgical
specimen of total thyroidectomy. (A) Diagnostic 37-MBq (1 mCi) 131I WBS, anterior projection,
depicts multifocal neck activity and diffuse lung activity. (B and C, different anatomic levels within
the neck, depicting lymph nodal metastases located in different cervical compartments) Neck
SPECT/CT demonstrates iodine-avid soft-tissue nodules consistent with cervical nodal metastases.
(D) Chest SPECT/CT demonstrates diffuse lung activity and branching pulmonary vasculature with-
out definite lung nodules identified. Patient received dosimetry-guided 12.6-GBq (340 mCi) 131I treat-
ment. (E) On posttherapy WBS at 3 d, anterior projection demonstrates therapeutic 131I localization
to cervical lymph nodal metastases and diffuse miliary pulmonary metastatic disease.
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metastases. Campenni et al. reported in a cohort of 570 DTC patients
at low risk or low-to-intermediate risk (pT1–pT3) that posttherapy
WBS with SPECT/CT demonstrated metastases in 82 (14.4%), of
whom 73 (90.2%) had a postsurgical nonstimulated thyroglobulin
level of no more than 1 ng/mL (30). Furthermore, in 44 patients
(54%), stimulated thyroglobulin remained at no more than 1 ng/mL,
despite the presence of metastases on posttreatment scans (30).
Therefore, postsurgical nonstimulated thyroglobulin levels cannot be
used independently in deciding whether to pursue therapeutic 131I
administration, mainly in patients assigned as low risk on the basis
of surgical pathology alone.

THYROID HORMONE REPLACEMENT THERAPY

After thyroidectomy, DTC patients require thyroid hormone
(levothyroxine) replacement. The TSH target for levothyroxine
therapy is based on a dynamic risk classification, thyroglobulin
level, thyroglobulin trend over time, antithyroglobulin antibodies,
and potential adverse effects of TSH suppression. For patients with
a structurally incomplete response, the serum TSH is suppressed to
less than 0.1mU/L. In the excellent treatment response category,
the serum TSH is maintained at 0.5–2mUI/L for intermediate-risk

patients and at 0.1–0.5mUI/L for high-risk
patients. For patients with biochemically
indeterminate or incomplete responses,
the recommended serum TSH target is
0.1–0.5mU/L (6).

DTC MANAGEMENT IN CHILDREN

DTC represents 1.8% of all cases of can-
cer in individuals less than 20 y old. The
incidence of pediatric thyroid cancer has
increased, in part because of better techni-
ques for diagnosis. A 4.43% increase in
all stages of primarily papillary histology
in 10- to 19-y-old non-Hispanic white
patients, non-Hispanic black patients, and
Hispanic patients was reported in a study
that included 39 U.S. cancer registries (31).
Although 50% of adults older than 60 y

have thyroid nodules, only 5%–7% of chil-
dren and young adults are diagnosed with
thyroid nodules. However, thyroid cancer
is diagnosed in 25% of thyroid nodules in
the pediatric population (as compared with
10%–15% of thyroid nodules in adults).
Assessment using the Thyroid Imaging
Reporting and Data System is not applied
in pediatric patients, as one study of 314
patients younger than 18 y showed that
22% of cancers would be missed (32).
Children with thyroid cancer have an
increased incidence of regional and distant
metastatic disease at presentation, as com-
pared with adults, with cervical lymph
nodal metastases diagnosed in 50% of
cases and lung metastases in 20%.
The recommended treatment for pediat-

ric thyroid cancer is total thyroidectomy
because of the higher incidence of bilateral

and multifocal disease (30% and 65%, respectively) than in adults,
as well as the greater likelihood for regional and distant metastasis
at presentation (33). Central node dissection is recommended in
the presence of locoregional cervical disease diagnosed by imag-
ing and confirmed on fine-needle aspiration or identified during
surgery. Although some have approached disease in a single lobe
with lobectomy or a phased approach, a recent study by Zong et al.
suggested that because of large lesions often involving both thy-
roid lobes in the pediatric age group, there is increased morbidity
in staged resection (34). Lobectomy may be indicated in cases of
follicular thyroid carcinoma that have certain characteristics,
including a size of less than 4 cm and invasion of fewer than 3
vessels (minimally invasive follicular thyroid carcinoma).

The American Thyroid Association pediatric guidelines identify
3 risk categories dependent on risk of persistent disease: low risk,
or disease confined to the thyroid with few central nodes and no
macroscopic metastases; medium risk, or significant central and
minimal lateral node involvement; and high risk, or either distant
metastases or locally invasive tumor with extensive involvement
of lateral neck lymph nodes (33).

Postoperatively, the use of diagnostic WBS and 24-h neck
uptake at 6–12 wk after surgery and thyroglobulin testing is

FIGURE 2. Radioiodine theranostics for 66-y-old woman with 2.5-cm widely invasive follicular thy-
roid carcinoma with osseous metastatic disease. (A–F) Diagnostic 37-MBq (1 mCi) 131I WBS, anterior
projection (A), depicts multifocal skeletal activity, which is further characterized on SPECT/CT as
iodine-avid lytic osseous metastases involving right humerus (B), vertebrae (C), pelvis (D) left femoral
neck (E), and left femoral diaphysis (F). Patient received dosimetry-guided 12-GBq (325 mCi) 131I
treatment. (G) Posttherapy WBS, anterior projection, obtained at 2 d demonstrates therapeutic 131I
targeting of extensive iodine-avid multifocal osseous metastatic disease involving axial and proximal
appendicular skeleton, with increased lesion conspicuity and numerous new foci detected as com-
pared with diagnostic scan.
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recommended. Although the American Thyroid Association guide-
lines suggest this for intermediate- and high-risk groups, many
pediatric centers extend it to all risk groups. Apart from the fact
that low-risk disease is less common in children, children have a
higher risk of recurrence of DTC (35). Diagnostic WBS is now
routinely performed with SPECT/CT (unenhanced CT) to evaluate
for cervical, upper mediastinal, and pulmonary metastatic disease.
Depending on the diagnostic WBS findings, the child may be
referred back to surgery for resection of unsuspected bulky resid-
ual nodal metastases in unexplored neck compartments or may
proceed with 131I therapy for remnant ablation or treatment of
locoregional or pulmonary metastatic disease, if present.
There is controversy as to how the 131I treatment activity is

determined. Some suggest an empiric dosing for initial 131I ther-
apy in pediatrics, with dosimetry possibly relegated if follow-up
131I therapy is needed. A weight-based dose calculated by multi-
plying a 70-kg adult by a 1–1.5 mCi/kg (37–56 MBq/kg) activity
has been used (36). American Thyroid Association guidelines do
not specify recommended therapeutic 131I activities. Parisi et al.
presented this algorithm: low-risk disease, 1.1–1.85 GBq (30–50
mCi); higher-risk locoregional disease, 5.6–6.5 GBq (150–175
mCi); and known or suspected pulmonary metastatic disease,
6.5–7.4 GBq (175–200 mCi). All these therapeutic 131I activities
are adjusted for body weight based on a 70-kg adult weight
(Table 1) (35). As with adults, routine posttherapy WBS is per-
formed at 5–7 d after therapy.
The overall prognosis for pediatric DTC is good, with greater

than a 98% 10-y survival rate (37). In the small subset of children
with refractory disease or disease that is not responsive to 131I
treatment, newer molecular therapies that target the known genetic
alterations and molecular mutations may be used (38).

RESPONSE ASSESSMENT AFTER PRIMARY TREATMENT
AND FOLLOW-UP

The combination of thyroglobulin measurement, neck ultra-
sound, and follow-up diagnostic WBS performed at 1–2 y after
primary therapy is used to restratify the risk of recurrence accord-
ing to the patient’s response to initial therapy. This process of risk
reassignment is called dynamic risk stratification and is predictive
of long-term clinical outcome. The criteria for treatment response
evaluation are summarized in Table 2 (4).

In patients with an excellent (complete) response, the risk of
disease recurrence is 1%–4%, which for intermediate-risk patients
(whose initial recurrence risk is 36%–43%) and for high-risk
patients (whose initial recurrence risk is 68%–70%) represents a
major change in risk. The clinical outcome in patients with a bio-
chemically incomplete response is usually good: approximately
60% of patients have no evidence of disease over long-term fol-
low-up; 20% of patients have persistently abnormal thyroglobulin
without a structural correlate, and 20% of patients develop struc-
turally identifiable disease over 5–10 y of follow-up. Patients with
a biochemically indeterminate response generally do well: in
80%–90% of patients, nonspecific biochemical findings either
remain stable or resolve over time with levothyroxine suppression
therapy alone; however, up to 20% of these patients will eventu-
ally develop functional or structural evidence of disease progres-
sion and require additional therapy. Patients with a structurally
incomplete response require multidisciplinary management tai-
lored to their disease status (e.g., regional vs. distant metastases
and iodine-avid vs. non–iodine-avid disease) (4); depending on the
results of additional treatment, patients are restratified according to
the criteria above.

TREATMENT OF ADVANCED DISEASE

Distant metastases develop in about 10% of DTC patients, com-
monly in the lungs, bone, brain, liver, and skin, and are the main
cause of death (i.e., overall mortality of 65% at 5 y and 75% at
10 years) (39).
The prognosis of metastatic DTC is variable, with 2 distinct

phenotypes identified: indolent and aggressive (40). Patients with
iodine-avid metastatic DTC tend to have a better prognosis, with
10-y survival greater than 90%, whereas non–iodine-avid meta-
static DTC has a dire 10-y survival of 10% (41). Younger patients
and those with single-organ metastases and a low disease burden
have the best outcome. The mainstay of treatment is TSH suppres-
sion and 131I therapy as long as the disease remains radioiodine-
avid. About two thirds of patients have radioiodine-avid distant
metastases, and one third of them will achieve remission after
multiple radioiodine treatments (20). Approximately 15%–20% of
patients with metastatic DTC and most patients with H€urthle cell
thyroid cancer are refractory to radioiodine, and overall survival
for these patients ranges between 2.5 and 4.5 y (20,42).

TABLE 1
Suggested Framework for 131I Therapy for DTC (28)

Strategy Prescribed 131I activity Clinical context

Risk-adapted 131I therapy 1.11–1.85 GBq (30–50 mCi) Remnant ablation

1.85–3.7 GBq (50–100 mCi) Adjuvant treatment

3.7–5.6 GBq (100–150 mCi) Treatment of small-volume locoregional
disease

5.6–7.4 GBq (150–200 mCi) Treatment of advanced locoregional
disease or small-volume distant
metastatic disease

Whole-body/blood dosimetry $7.4 GBq ($200 mCi), maximum tolerable
safe activity

Treatment of diffuse distant metastatic
disease

All pediatric therapeutic 131I activities are adjusted as multiplier based on 70-kg adult body weight.
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Determining when a patient no longer responds to 131I can be
challenging. Factors impacting the specific clinical situation such
as age, tumor histology, stage, residual radioiodine avidity, and
18F-FDG avidity should be evaluated (43). 18F-FDG PET/CT is
particularly useful for identifying and localizing non–iodine-avid
metastases and is used to evaluate patients with elevated thyro-
globulin along with negative results on diagnostic WBS (44). In
this setting, if lack of 131I uptake has already been established on
diagnostic WBS, a positive 18F-FDG PET/CT result strongly sup-
ports the suspicion of 131I-negative or 131I-refractory disease, lead-
ing to changes in management by identifying patients who are
unlikely to benefit from additional 131I therapy and instead qualify
for alternative therapy (45). In addition, 18F-FDG PET/CT has
shown prognostic value in metastatic DTC, predicting the course
of disease as aggressive or indolent (46). In radioiodine-refractory
metastatic DTC, there is a survival disadvantage for patients with
positive PET results as compared with those with negative PET
results (42).
Ablative treatment for locoregional disease control (i.e., resec-

tion, vertebroplasty, external-beam radiation therapy, and thermal
ablation) can provide symptomatic relief and delay the initiation
of systemic therapy, whereas bisphosphonate or denosumab can
delay the time to skeleton-related events (47). In cases of con-
firmed radioiodine-resistant metastatic disease progression, treat-
ment with multikinase inhibitors (e.g., lenvatinib, sorafenib,
vandetanib, cabozantinib, vemurafenib, dabrafenib/trametinib, and
others) may induce periods of progression-free survival (rarely
remission) without evidence of increased cancer-specific survival,
and these drugs may be associated with side effects, such as hyper-
tension, diarrhea, hand or foot skin reactions, rash, fatigue, muco-
sitis, loss of appetite, and weight loss (48). The optimal time to
start therapy, especially in asymptomatic patients, is unclear, nor
is it clear which patients are likely to benefit in terms of increased
quality-adjusted life years. As a rule, the decision to start molecu-
lar targeted therapies is based on a multidisciplinary team discus-
sion. Such therapies are more likely to be used in patients who
have negative findings on diagnostic WBS and symptoms that are
not amenable to local therapy or who have progression of measur-
able lesions as defined by RECIST over the previous 12 mo, tak-
ing into consideration the tumor burden and the risk of local
complications (49). The biologic mechanisms implicated in radio-
iodine refractoriness involve gain-of-function mutations in the
MAPK signaling pathway, resulting in reduced Na-I symporter
and other iodine-metabolizing gene expression. Experimental data
showed that MAPK signaling pathway inhibition using MEK or

BRAF inhibitors restored radioiodine avidity. Subsequent clinical
studies demonstrated that mutation-guided treatment using selec-
tive MEK inhibitors (selumetinib, trametinib), BRAF inhibitors
(dabrafenib, vemurafenib), or a combination of BRAF inhibitor
and MEK inhibitor is feasible and promising for redifferentiating
radioiodine-refractory DTC, thereby permitting reapplication of
131I therapy. Preliminary data obtained on a small clinical series
of 13 patients demonstrated restoration of 131I avidity in 62% of
patients who subsequently received 131I treatment (median activ-
ity, 7.6 GBq [204.4 mCi]; range, 5.5–9.4 GBq [150–253 mCi]),
resulting in durable disease control (median duration . 1 y) while
not receiving chronic, expensive multikinase inhibitor therapy
(50). 131I therapy remains the only known cure for metastatic
radioiodine-sensitive DTC, and the use of a redifferentiating
strategy to permit additional 131I treatment for patients with
radioiodine-refractory metastatic disease represents a promising
therapeutic approach while minimizing exposure to kinase inhibi-
tor therapy.

CONCLUSION

DTC is the most common endocrine malignancy. Although
standard management including surgery and radioiodine therapy is
successful in most cases, therapy should be tailored according to a
risk stratification integrating the information from histopathology,
molecular markers, postoperative thyroglobulin levels, and imag-
ing studies. Ultimately, local multidisciplinary teams consider the
availability of surgical, pathologic, nuclear medicine, and labora-
tory expertise and take into account individual patient preferences
to guide appropriate therapy.
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Metaiodobenzylguanidine (MIBG, iobenguane) is a guaneth-
idine analog that targets the norepinephrine transporter and, when
radiolabeled with the b-emitter 131I, has been used with varying
protocols to treat neuroendocrine tumors, including pheochromo-
cytoma/paraganglioma (PPGL), neuroblastoma, and carcinoid, in
adults and children around the globe for more than 35 y (1). In
2018, a high-specific-activity (HSA) formulation (Azedra; Molec-
ular Insight Pharmaceuticals, Inc.) became the first, and is cur-
rently the only, Food and Drug Administration–approved drug to
treat unresectable, locally advanced, or metastatic PPGL (2). Mul-
tiple clinical trials are currently investigating other applications of
131I-MIBG, such as for children with metastatic neuroblastoma and
in combination with PRRT for patients with carcinoid tumor (3,4).
We will likely see increasing Food and Drug Administration–
approved and off-label use of 131I-MIBG in the coming years. This
editorial will discuss the operational aspects of clinical implementa-
tion and use of HSA 131I-MIBG in advanced-PPGL patients. In
addition to reviewing the literature, this editorial is supported by our
experience in performing over 150 PPGL treatments over the last
10 y in both the inpatient and the outpatient setting.

PRETREATMENT EVALUTION AND TREATMENT OVERVIEW

Since HSA 131I-MIBG is the only Food and Drug Administration–
approved treatment for advanced PPGL, all patients with advanced
PPGL for whom systemic anticancer therapy is being considered
should undergo diagnostic 123I-MIBG imaging, and HSA 131I-MIBG
therapy should be considered first-line in those with 123I-MIBG–avid
disease. Systemic therapy is not considered in patients solely on the
basis of metastatic disease but is reserved for patients with clear evi-
dence of disease progression or who have disease symptoms not con-
trolled by supportive treatment. For example, poorly controlled
catecholamine-mediated symptoms (such as hypertension or anxiety)
or disease-related pain can be an indication for therapy in the
absence of objective progression.
Authorized user physicians evaluate prospective patients in the

clinic to ensure they meet the criteria for treatment with 131I-MIBG,
to explain the treatment protocol and goals of therapy, and to engage

in shared decision making regarding whether and when to move for-
ward with treatment. Patients are counseled that therapy is intended
to halt progression of their disease or decrease their symptoms,
hopefully for many years, but is not a disease cure (5,6). Diagnostic
123I-MIBG scintigraphy is obtained to confirm 123I-MIBG–avid dis-
ease and to demonstrate the patient’s baseline disease burden.
In patients pursuing 131I-MIBG therapy, baseline bloodwork is

obtained to confirm that certain safety metrics are met, notably that
platelets are greater than 80,000/mL, absolute neutrophil count is
greater than 1,200/mL, and estimated glomerular filtration rate is
greater than 30. A negative pregnancy test is confirmed in women
of childbearing potential, and all patients are counseled to use effec-
tive contraception during treatment and for approximately 6 mo
after their final therapy. Recent baseline biochemical tumor markers
(chromogranin A, catecholamines, metanephrines) and anatomic
imaging are important for subsequent response assessment (noting
that anatomic imaging may be unhelpful in patients with bone-
dominant disease). To protect patients’ thyroid function, inorganic
iodine is given starting the day before and for 10 d after each treat-
ment. A complete discussion of pretreatment patient preparation can
be found in the HSA 131I-MIBG prescribing information (2).
The recommended dosing regimen includes planar dosimetry

with 3 anterior and posterior whole-body scans done over 3–5 d
after intravenous administration of about 185 MBq of HSA 131I-
MIBG. The maximum cumulative administered activity without
exceeding organ limits is calculated. For on-label indications, there
is no cost for the dosimetry dose. If a site does not have the exper-
tise or software for dosimetry, third-party services are available.
The recommended administered activity for therapy is 296

MBq/kg (8 mCi/kg) up to a maximum of 18.5 GBq (500 mCi) in
each of 2 treatment cycles given at least 90 d apart. For dosimetry
revealing a maximum cumulative activity of less than 37 GBq, the
prescribed activity for each cycle should be decreased equally.
Most patients will require inpatient therapy; however, in patients
with more indolent disease, lower administered activities can be
given in an outpatient setting with reported efficacy. A common
approach is 74 MBq/kg (2 mCi/kg) 3 4 cycles at 3-mo intervals;
7.4 GBq (200 mCi) per cycle has also been used.
Between cycles, bloodwork is obtained to ensure that the abso-

lute values and overall trends are safe before proceeding to
the next therapy. Myelosuppression, specifically thrombocytope-
nia, is the most common toxicity of Azedra (5). Recovery from
nadir levels is usually seen by 4–6 wk after treatment. Febrile neu-
tropenia, grade 4 thrombocytopenia (,25,000/mL), or neutropenia
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(,500/mL) lasting more than 1 wk should prompt a 15% reduc-
tion in prescribed activity for subsequent treatment.
Scintigraphic imaging is performed about 5–7 d after therapy

(or earlier on the day of hospital discharge for inpatients) to con-
firm successful radiotracer tumor targeting and sometimes reveals
sites of disease not well seen on the lower-dose 123I-MIBG diag-
nostic imaging. Delayed posttreatment imaging, largely focused
on anatomic imaging with CT or MRI (ideally matching baseline
imaging) with 123I-MIBG scintigraphy as an adjunct, is performed
3 mo or more after the completion of therapy. Response to therapy
is usually best assessed with anatomic imaging, biochemical tumor
markers, and patient symptoms. A follow-up visit in the nuclear
medicine clinic is scheduled to discuss the posttreatment imaging
results, bloodwork results, symptoms, and next steps. Frequently,
the authorized user physician transfers primary oversight of the
patient to the patient’s medical oncologist, endocrinologist, or
nephrologist, depending on local expertise.

SYSTEM INFRASTRUCTURE AND INPATIENT STAY

Most HSA 131I-MIBG administrations will require an inpatient
stay for radiation isolation. Patients will be given a private hospital
room that is wrapped—that is, with the floor and surfaces covered
with impervious materials for easy cleaning and disposal after the
patient’s stay.
Rolling shields may be required to minimize radiation exposure

to adjacent rooms. Depending on room size, administered activity,
and adjacent room occupancy (including above and below), shield-
ing requirements can vary greatly. Therapy is infused intravenously
by a trained nuclear medicine technologist or authorized user.
Many methods for infusion have been described, but a simple lead-
shielded syringe pump is believed to be the most straightforward
method with the least potential for contamination. The recom-
mended infusion duration in adults is 30 min, but as pharmacologic
effects from 131I-MIBG have not been observed with the HSA
preparation (in contrast to low-specific-activity 131I-MIBG), more
rapid infusions can be cautiously considered. To decrease exposure,
staff should enter the patient’s room no more than necessary but
can attend to all of a patient’s medical needs. A Geiger–Mueller
counter with hand and foot monitoring attachments outside the
patient room is helpful to assess for potential contamination each
time a member of the staff leaves the room. Additionally, providing
instant-read dosimeters to the health-care staff reassures that expo-
sures are low and can spur immediate staffing changes in the
unlikely event of higher exposures. We have found that with these
measures in place, nursing care for our admitted patients is straight-
forward and often welcomed by the nurses, as our patients tend to
be far less sick than the typical oncology inpatient.
Nausea and vomiting are almost ubiquitous with high-dose ther-

apy, and scheduled antiemetics are recommended for all patients.
Intravenous fluids are also recommended for all patients to mini-
mize nausea and improve clearance of unbound radiotracer. Intra-
venous fluids are continued for as long as the patient can tolerate,
limited either by patient preference or by signs or symptoms of
volume overload. Since most 131I-MIBG is excreted intact in the
urine, bladder catheterization is recommended for young children
and incontinent adults during hospitalization. Continent patients
are encouraged to empty their bladder frequently to decrease blad-
der exposure. To reduce potential contamination, patients should
sit when urinating, double flush the toilet, and carefully wash their
hands.

Damaged and dying neuroendocrine cells can paroxysmally
release large amounts of catecholamines, leading to blood pressure
lability or a hypertensive crisis. Although most common within
2 d of treatment, lability can persist for weeks, and titration of anti-
hypertensives may be needed (in many patients the optimal antihy-
pertensive regimen will decrease after therapy) (2). Additionally,
in patients with catecholamine-induced hyperglycemia, hypoglyce-
mic drugs may require decreasing doses after therapy.
Radiation safety personnel will assess inpatients’ radiation

levels daily. In most of the United States, patients can be dis-
charged when the exposure rate at 1 m from the patient is less
than 70 mSv/h (7mrem/h). The hospital stay for radiation isola-
tion typically lasts 3–5 d after an 18.5-GBq administration but
varies on the basis of multiple factors, including total adminis-
tered activity, overall tumor burden, organ function, the
patient’s home living situation, and local regulations. Because
the kinetics of MIBG are similar to those of sodium iodide, the
radiation precautions and outpatient dose limits used for thyroid
cancer patients treated with sodium 131I can also be applied to
PPGL patients treated with 131I-MIBG.

MULTIDISCIPLINARY STAFF

Like other therapeutic and diagnostic nuclear medicine agents,
HSA 131I-MIBG must be handled and administered by a well-
trained multidisciplinary staff. A licensed authorized user as
defined by the U.S. Nuclear Regulatory Commission is responsible
for the overall safe handling of radiopharmaceuticals, including
131I-MIBG. Nuclear medicine technologists accept, store, and han-
dle 131I-MIBG according to standard Nuclear Regulatory Commis-
sion and agreement state operating procedures.
Health or medical physicists collaborate with authorized users to

quantify safe levels of administered activities for each patient.
Nurses, radiation safety officers, and environmental service employ-
ees work in patient-facing roles and non–patient-facing roles to
ensure the safety of patients, their families, and hospital staff.
Institutions that currently administer other nuclear therapies

likely have this multidisciplinary staff in place, and typically, no
new resources are needed to initiate an HSA 131I-MIBG therapy
program. If needed, training given to nuclear medicine staff can
easily be adapted to nursing and other health-care staff. Periodic
in-service training programs and written standard operating proce-
dures are recommended since PPGL patients are rare. Easy acces-
sibility to a health physicist is recommended for any staff
questions or concerns.

PURCHASING AND REIMBURSEMENT

Each HSA 131I-MIBG patient will require a dosimetry dose
and, usually, multiple therapy doses. The HSA 131I-MIBG manu-
facturer provides a list of dates on which doses are available.
There is no charge for the dosimetric dose for PPGL patients
treated according to the approved indication, though the site will
want to bill for the imaging acquisition. Billing for dosimetry cal-
culations themselves is potentially feasible; guidelines are cur-
rently being created by an SNMMI Dosimetry Task Force and will
be published separately. It can be helpful to provisionally place an
order for a patient’s expected treatment dose at the time that the
dosimetry dose is ordered.
Most insurance providers have national coverage decisions for

HSA 131I-MIBG therapy; however, given the rarity of the disease,
the coverage decision may not be included in individual center
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contracts. Preauthorization is required. Additionally, working with
a site’s billing staff to create single-case agreements with the
insurance provider is recommended as a best practice. Given the
rarity of the disease, this process is a straightforward one with
most payers. Although standard coverage policies or contracts will
provide adequate reimbursement for most outpatient therapies,
single-case agreements help to ensure that the full drug acquisition
cost is added to the standard inpatient reimbursement.
The “Azedra Service Connection” is a manufacturer program

designed to help providers order therapy and to help patients and
providers navigate treatment logistics and payment. Financial
assistance is available for eligible uninsured patients and may
cover the entirety of the treatment costs. Because HSA 131I-MIBG
can be ordered at a per-millicurie cost, scaling of a prescription to
a lower outpatient administered activity is easily done. The Cen-
ters for Medicare and Medicaid Services have granted a temporary
new-technology add-on payment to increase reimbursement for
inpatient Azedra therapy for Medicare beneficiaries. With preau-
thorization and single-case agreements, we have found providing
this unique treatment to this ultra-orphan patient population to be
economically viable.

CONCLUSION

A 131I-MIBG therapy clinic is easily managed from both an
operational and a financial aspect and serves an important role in

the multidisciplinary care for PPGL patients and potentially other
neuroendocrine tumor patient populations.
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18F-FDG PET/CT Imaging Biomarkers for Early and Late
Evaluation of Response to First-Line Chemotherapy in
Patients with Pancreatic Ductal Adenocarcinoma
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The purpose of this study was to evaluate 18F-FDG PET/CT as an
early and late interim imaging biomarker in patients with pancreatic
ductal adenocarcinoma who undergo first-line systemic therapy.
Methods: This was a prospective, single-center, single-arm, open-
label study (IRB12-000770). Patient receiving first-line chemotherapy
were planned to undergo baseline 18F-FDG PET/CT, early interim
18F-FDG PET/CT, and late interim 18F-FDG PET/CT. Cutoffs for meta-
bolic and radiographic tumor response assessment as selected
and established by receiver-operating-characteristic analysis were
applied (modified PERCIST/RECIST1.1). Patients were followed
to collect data on further treatments and overall survival. Results:
The study population consisted of 28 patients who underwent base-
line 18F-FDG PET/CT. Twenty-three of these (82%) underwent
early interim 18F-FDG PET/CT, and 21 (75%) underwent late interim
18F-FDG PET/CT. Twenty-three deaths occurred during a median
follow-up period of 14 mo (maximum follow-up, 58.3 mo). The median
overall survival was 36.2 mo (95% CI, 28 mo to not yet reached
[NYR]) in early metabolic responders (6/23 [26%], P 5 0.016) and
25.4 mo (95% CI, 19.6 mo–NYR) in early radiographic responders
(7/23 [30%], P 5 0.16). The median overall survival was 27.4 mo
(95% CI, 21.4 mo–NYR) in late metabolic responders (10/21 [48%],
P 5 0.058) and 58.2 mo (95% CI, 21.4 mo–NYR) in late radiographic
responders (7/21 [33%], P 5 0.008). Conclusion: 18F-FDG PET
may serve as an early interim imaging biomarker (at $4 wk) for
evaluation of response to first-line chemotherapy in patients with
pancreatic ductal adenocarcinoma. Radiographic changes might be
sufficient for response evaluation after the completion of first-line
chemotherapy.
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Pancreatic ductal adenocarcinoma (PDAC) typically has a
tumor microenvironment characterized by a dense desmoplas-
tic stroma. Extensive desmoplasia results in decreased stromal
vascularization and altered immune cell infiltration but also
represents an imaging challenge in differentiating between via-
ble tumor and desmoplasia. In addition, CT and MRI have
been reported to be imperfect in discriminating between viable
tumor, desmoplastic stroma, and dead scar tissue even after
successful therapy (1).
The preferred chemotherapy regimens in the neoadjuvant or

adjuvant setting and the first-line therapy for metastatic disease are
FOLFIRINOX (fluorouracil, leucovorin, irinotecan, and oxalipla-
tin), modified FOLFIRINOX, or gemcitabine/nab-paclitaxel. New
second-line approaches and specific treatments, such as poly(ade-
nosine diphosphate-ribose) polymerase inhibitors in cancer related
to BRCA1 or BRCA2 mutations, have broadened the spectrum of
PDAC therapies. The considerable genetic heterogeneity among
patients, however, results in a limited number of patients benefit-
ing from a selected treatment.
Currently, multiple biomarkers are under investigation for their

ability to predict treatment responses (2). The best validated and
most widely used prognostic biomarker in PDAC is CA 19-9,
which has shown value as a prognostic and predictive biomarker
in PDAC in various settings (3–5).
Current imaging criteria for tumor response assessment focus

on changes in tumor size, which were described as an imperfect
predictor of response of PDAC to therapy in a white paper from
the Society of Abdominal Radiology (6). Other imaging bio-
markers, such as diffusion-weighted MRI (7–9) and 18F-FDG
PET/CT (10–15), have been proposed for treatment response
assessment in PDAC but are not specifically supported by cur-
rent society guidelines because of inconsistent and limited data,
even more so when investigating early response.
In this exploratory prospective study, we investigated whether

metabolic response assessment measured by 18F-FDG PET can
predict survival early after the start of first-line chemotherapy in
patients with PDAC. The hypothesis was that early 18F-FDG PET
response is a better intermediate endpoint biomarker of overall
survival (OS) than are early radiographic size changes.
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MATERIALS AND METHODS

Study Design and Patients
This was a single-center, single-arm, open-label, prospective explor-

atory study. Patients with biopsy-proven PDAC who were scheduled to
undergo first-line chemotherapy were offered participation in this study.
Exclusion criteria were an inability to tolerate a PET/CT scan or the
presence of another concurrent malignant condition.

Patients were planned to undergo baseline 18F-FDG PET/CT (PET1),
early interim 18F-FDG PET/CT (PET2), and late interim 18F-FDG PET/
CT (PET3) during first-line treatment. Patients were then followed to
obtain further clinical data and OS.

The study was approved by the UCLA Institutional Review Board
(August 1, 2012), and all patients provided written informed consent for
their participation (IRB12-000770). The study was initiated, planned,
funded, conducted, analyzed, and published by the investigators.

18F-FDG PET/CT Imaging and Analysis
Images were acquired in accordance with 18F-FDG PET/CT guide-

lines (16). In total, 72 18F-FDG PET/CT studies were conducted (on a
Siemens Biograph 64 TruePoint [n5 41], Siemens Biograph 64 mCT
[n5 27], or Siemens Biograph 16 [n5 4]). PET images were acquired
from mid thigh to vertex (whole-body scan) with a time of 2–4 min
per bed position using a weight-based protocol. All PET images were
reconstructed using attenuation, dead-time, random-event, and scatter
corrections. PET images were reconstructed with an iterative algo-
rithm (ordered-subset expectation maximization) in an axial 168 3

168 matrix (2-dimensional, 2 iterations, 8 subsets, gaussian filter of
5.0) or 200 3 200 matrix (3-dimensional, 2 iterations, 24 subsets,
gaussian filter of 5.0).

Patients fasted for a minimum of 6 h. The median serum glucose level
was 104mg/dL (interquartile range [IQR], 97–118mg/dL). Patients
received 7.77MBq (0.21 mCi)/kg of 18F-FDG intravenously. The median
injected activity of 18F-FDG was 372MBq (IQR, 308–424.6MBq). The
median uptake time was 60 min (IQR, 57–67 min). Intravenous and oral
contrast media were administered in 71 of 72 and 71 of 72 scans, respec-
tively. The PET and CT image acquisition was performed as reported
previously (17,18)

18F-FDG PET images were interpreted by 3 readers: 2 certified
nuclear medicine physicians and 1 dual-certified radiologist/nuclear
medicine physician. All 3 readers were aware of the PDAC diagnosis
but not of the treatment regimen, other clinical data, or outcome data.
The 3 readers independently quantified the 18F-FDG uptake of the pri-
mary pancreatic tumor site at each time point by placing a volume of
interest to record the SUVmax. The choice of the size and location of
the volume of interest was left to the reader. If there was agreement in
SUVmax measurements between 2 readers but disagreement with the
third reader, the SUV measurement of the third reader was neglected.
Tumor size was evaluated by 1 radiologist at each time point.

For early and late metabolic and size response, SUVmax and size
cutoffs as selected by modified PERCIST (mPERCIST) (19),
RECIST1.1 (20), and receiver-operating-characteristic analysis were
evaluated.

Statistics
The primary objective of the study was to assess metabolic and

radiographic response during first-line chemotherapy as early and late
imaging biomarkers of OS in patients with PDAC. Quantitative varia-
bles are presented as median and IQR or as mean and SD. Statistics
were performed using R, version 3.6.1 (R Core Team).

The study was initially powered for a total of 70 patients with the
following parameters: expected survival of responders, 20 mo; expected
survival of nonresponders, 10 mo; hazard ratio, 2.0; power, 0.8.

Cutoffs for early and late metabolic tumor response assessment were
delineated using optimally selected cutoffs and by mPERCIST ($30%
decrease in tumor SUVmax) (19). Receiver-operating-characteristic
analysis–selected cutoffs, plotting SUVmax against OS dichotomized by
median OS, were SUVmax decreases of at least 15% and at least 38%
for early and late metabolic response, respectively. Cutoffs were
increased to at least 20% and at least 40%, respectively, because of
considerations related to clinical relevance and reproducibility (21).

The cutoff for early assessment of size response was also optimally
selected to be at least a 13% decrease in size but was increased to at
least a 20% decrease because of considerations related to clinical rele-
vance and reproducibility. Late size response was defined according to
RECIST1.1 ($30% decrease in tumor size) (20).

OS was calculated from the date of subject consent to the date of
death or last follow-up. All deaths included in the survival analysis
were cancer-related. OS was estimated using the method of Kaplan
and Meier. A P value of less than 0.05 was considered to indicate sta-
tistical significance.

RESULTS

Patient Characteristics
Between February 2013 and February 2019, 33 patients with

histologically proven PDAC were enrolled. Five patients were
excluded: 3 patients never underwent PET1, in 1 patient chemo-
therapy was initiated before PET1, and 1 patient was enrolled in
another trial investigating nivolumab. Therefore, the study popula-
tion consisted of 28 patients who underwent PET1; 23 of these
(82%) underwent PET2, and 21 (75%) underwent PET3, (Fig. 1).
The median time between PET1 and PET2 and between PET1

and PET3 was 4.6 wk (IQR, 3.8–5 wk) and 12.6 wk (IQR,
11.4–14.9 wk), respectively. The median interval between PET1
and treatment initiation was 0.7 wk (IQR, 0.5–1.3 wk). PET2 and
PET3 were performed 3.6 wk (IQR, 3–4.3 wk) and 11.4 wk (IQR,
10.5–14.4 wk) after initiation of treatment, respectively (Fig. 1).
The baseline characteristics are summarized in Table 1. The study

cohort consisted of 11 men (39%) and 17 women (61%), with a
mean age of 65 6 12 y (median, 65 y; range, 40–86 y). The primary
tumor was located in the pancreatic head in 18 patients (64%).
Twenty-two patients (79%) had at least clinical stage 3 disease.

Treatment
First-line treatments were FOLFIRINOX (n5 12; 43%), gemcita-

bine/nab-paclitaxel (n5 7; 25%), FOLFORINOX plus gemcitabine/
nab-paclitaxel (n5 4; 14%), FOLFOX (folinic acid, fluorouracil, and
oxaliplatin) (n5 1; 4%), and gemcitabine (n5 1; 4%). Fourteen
patients underwent second-line chemotherapy, and 8 patients received
at least 3 lines of chemotherapy. Eight patients (29%) underwent
curative surgical excision after PET3. Thirteen patients (46%)
received additional local radiation therapy. Three patients (11%) died
after PET1 before initiation of treatment.

Outcome Assessment
The cutoff for the last follow-up was October 14, 2020. Twenty-

three deaths occurred during a median follow-up of 14 mo (maxi-
mum follow-up, 58.3 mo). The median follow-up time in patients
alive at the last follow-up date was 25.4 mo (IQR, 14.7–36.2 mo).
The median OS was 14 mo (95% CI, 9.8–27.6 mo).

Imaging Characteristics
Primary tumor SUVmax averaged 6.9 6 3 (median, 6.3; range,

3.5–17.7), 6.3 6 3.4 (median, 5.7; range, 2.6–15.1), and 4.7 6 3.2
(median, 4.2; range, 0–15.2) at PET1, PET2, and PET3, respectively.
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Primary tumor size averaged 4.1 6 1.7 cm (median, 3.8 cm; range,
2.0–8.4 cm), 3.6 6 1.5 cm (median, 3.6 cm; range, 1.6–8.7 cm), and
2.8 6 1.3 cm (median, 2.7 cm; range, 0–5.6 cm) at PET1, PET2, and
PET3, respectively.

Baseline Imaging Biomarkers
Survival did not differ significantly in patients with tumors with

high versus low SUVmax (dichotomized by median SUVmax $ 6.3
vs. , 6.3: n5 15/28 [54%] vs. n5 13/28 [46%] at PET1; median
OS, 16.8 mo vs.14 mo [P5 0.62]).
Baseline primary tumor size did not affect survival (dichoto-

mized by median size $ 3.8 cm vs. , 3.8 cm: n5 14/28 [50%] vs.
n5 14/28 [50%]); median OS 12 mo vs. 19.6 mo [P5 0.32]).

PET2 Imaging Biomarkers
Six of 23 patients (26%) were defined as early metabolic respond-

ers (Fig. 2A), and 7 of 23 (30%), as early radiographic responders
(Fig. 2B). The median OS was 36.2 mo (95% CI, 28 mo–not yet
reached [NYR]) in early metabolic responders (P5 0.016) (Fig. 3A)
and 25.4 mo (95% CI, 19.6 mo–NYR) in early radiographic res-
ponders (P5 0.16) (Fig. 3B).
Tumor metabolic response as defined by mPERCIST showed

a strong trend but did not reach statistical significance at PET2
(median OS was 32.1 mo (95% CI, 28 mo–NYR) in early

FIGURE 1. Flowchart.

TABLE 1
Patient Characteristics (n 5 28)

Characteristic Data

Age (y)

Mean 65

Range 40–86

Sex

Male 11

Female 17

Site

Head 18

Body 6

Tail 4

Clinical stage

Ib 2

II 4

IIII 16

IV 6

Died of disease 23

Lost to follow-up 1

Alive with disease 4

CA 19-9

Median 101 (IQR, 5.95–592)

Range 5–1,432

Carcinoembryonic antigen (n 5 13)

Median 3.7 (IQR, 2.7–59.1)

Range 1.4–39.7

Surgery

Yes 8

No 20

Radiation therapy

Yes 13

No 15

Initial chemotherapy

FOLFIRINOX 12

Gemcitabine/nab-paclitaxel 7

FOLFOX 1

FOLFORINOX1 4

Gemcitabine/nab-paclitaxel

Gemcitabine 1

No treatment 3

Initial treatment, average cycles 6.0 (range, 2–12)

Additional treatments

Second line 14 (average cycles,
4.9; range, 1–16)

Third line 8 (average cycles,
2.5; range, 1–4)

Fourth line 6 (average cycles,
3.3; range, 1–7)

Fifth line 2 (average cycles, 1;
range, NA)

NA 5 not applicable.
Qualitative data are number of patients; continuous data are as

individually indicated.
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metabolic responders (5/23 [22%], P5 0.052) (Supplemental
Fig. 1A; supplemental materials are available at http://jnm.
snmjournals.org).

PET3 Imaging Biomarkers
Ten of 21 (48%) and 7 of 21 (33%) patients were defined as

late metabolic (Fig. 2C) and radiographic (Fig. 2D) responders,

respectively. The median OS was 27.4 mo (95% CI, 21.4
mo–NYR) in late metabolic responders (P5 0.058) (Fig. 3C) and
58.2 mo (95% CI, 21.4 mo–NYR) in late radiographic responders
(P5 0.008) (Fig. 3D).
Five of 21 patients (24%) were classified as late metabolic and

size responders (dual-modality responders), whereas 7 of 21
patients (33%) were either metabolic or size responders (unimo-
dality responders) (Fig. 4). The median OS was not yet reached in
dual-modality responders and was 25.4 mo (95% CI, 12.3
mo–NYR) in unimodality responders (P5 0.108). Dual-modality
responders showed significantly improved survival when com-
pared with nonresponders (median OS, NYR vs. 10.5; P5 0.042),
whereas unimodality responders showed a trend toward improved
survival (median OS, 25.4 vs. 10.5, P5 0.09).
Tumor metabolic response as defined by mPERCIST was not

predictive of survival (median OS was 26.1 mo [95% CI, 19.6
mo–NYR]) in late metabolic responders
(12/21 [57%], P5 0.18) (Supplemental
Fig. 1B).
Six of 6 early metabolic responders were

also classified as late metabolic responders.

DISCUSSION

In this prospective study, SUVmax

changes assessed 4 wk after initiation of
first-line chemotherapy served as a PET2
imaging biomarker of OS in patients with
PDAC. After 11 wk from initiation of
treatment, tumor size measurements by CT
were superior to SUVmax in predicting sur-
vival. Dual-modality late responders (meta-
bolic and size) trended toward a prolonged
survival in comparison to unimodality late
responders (either metabolic or size); non-
responders (neither metabolic nor size)
exhibited the shortest survival.
According to RECIST1.1, the frequency

of tumor reevaluation while on treatment
should be protocol-specific and adapted to

FIGURE 2. Waterfall plot depicting per-patient changes in early meta-
bolic responders (A), early size responders (B), late metabolic responders
(C), and late size responders (D).

FIGURE 3. Kaplan–Meier curves showing OS in early metabolic responders ($20% decrease in
SUVmax) (A), early size responders ($20% decrease in tumor size) (B), late metabolic responders
($40% decrease in SUVmax) (C), and late size responders ($30% decrease in tumor size) (D).
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FIGURE 4. Kaplan–Meier curves showing OS in dual-modality respond-
ers (metabolic and size response), unimodality responders (either meta-
bolic or size response), and nonresponders (neither metabolic nor size
response) at PET3 (11 wk).
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the type and schedule of treatment (20). However, since tumor
metabolic changes precede changes in tumor size in response to
cytotoxic treatments (18), there is a broad consensus that tumor
size measurements are not suitable as an early imaging biomarker.
Therefore, the superiority of early SUVmax changes in comparison
to early size changes in predicting OS are consistent with reports
in other cancers (18,22,23). In fact, only 1 of 23 patients exhibited
an early size response according to the RECIST1.1 cutoff of 30%.
An early size cutoff of 20%, which classified 7 of 23 patients as
early size responders, showed a trend toward improved survival
(P5 0.16).
Even late changes in tumor size have been described as an imper-

fect predictor of response of PDAC to therapy (6), as is explained
mainly by the challenge in differentiating between viable tumor, the
desmoplastic stroma, and dead scar tissue as a result of the treat-
ment. However, a cutoff of 30% for late size response, as suggested
by RECIST1.1, significantly predicted OS (P5 0.008), whereas a
selected cutoff of 40% for late metabolic response only tended to be
predictive (P5 0.058).
Although our patient cohort was too small for a robust statistical

analysis, a response classification system that considers hybrid
imaging components for both metabolic and radiographic responses
(dual-modality vs. unimodality vs. nonresponder) warrants further
investigation. This then could be expanded to investigate the
role of changes in diffusion-weighted MRI findings, and size and
metabolic changes using PET/MRI, in response assessments of
PDAC. Diffusion-weighted MRI has been proposed as an imaging
biomarker of therapy response; however, previous studies lack data on
progression-free survival and OS (7,8) or investigate post–neoadjuvant
therapy changes (9).
The selected early and late metabolic response cutoffs of at least

a 20% and at least a 40% decrease in SUVmax, respectively,
improved outcome predictions in comparison to the mPERCIST
cutoff of 30%. A single cutoff, as proposed by PERCIST, to longi-
tudinally assess cytotoxic treatment effects might not entirely
reflect the treatment-induced metabolic changes of a responding or
nonresponding tumor. Therefore, future guidelines might need to
address the need for subcategorization of metabolic response crite-
ria depending on time of assessment.
Our findings support the notion that 18F-FDG PET/CT may be

used as an early predictive imaging biomarker to assess the effec-
tiveness of new cytotoxic or potentially specific treatments in
phase II clinical trials. Further studies will be needed to determine
whether adaptive treatment protocols in early nonresponders could
lead to improved outcomes in PDAC (24).
Several potential limitations of our study merit consideration.

First, the statistically powered patient accrual target—70
patients—was not met. Although the study was designed as a
2-center study, enrollment occurred primarily at UCLA. Even
though the statistical sample size was small and reduced the power
of this study, we still observed significance and trends in our analy-
sis, in line with our hypothesis. Second, cutoffs for early and late
metabolic response were not predefined but optimally selected.
However, the optimally selected early metabolic response cutoff of
at least 20% fell within the early partial metabolic response criteria
evaluated after 1 cycle of chemotherapy given by the European
Organization for Research and Treatment of Cancer (25,26).
Third, patients with various tumor stages and therefore out-

comes and treatment regimens, which might have affected
18F-FDG tumor uptake differently, were included in this study
(Supplemental Table 1).

CONCLUSION

The current study suggests that 18F-FDG PET allows survival
predictions early after the initiation of first-line therapy ($4 wk)
in patients with PDAC and might, therefore, potentially serve as
an early interim endpoint biomarker in research and the clinic. At
approximately 11 wk, radiographic changes might be sufficient for
response evaluation after the completion of first-line therapy.
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KEY POINTS

QUESTION: Is metabolic response, assessed by 18F-FDG-PET,
better than radiographic response as an intermediate endpoint
biomarker of OS early and late after the start of first-line chemo-
therapy in patients with PDAC?

PERTINENT FINDINGS: Metabolic response assessed 4 wk after
initiation of first-line chemotherapy served as a PET2 imaging bio-
marker of OS in patients with PDAC. After 11 wk from the initiation
of treatment, tumor size measurements by CT were superior to
SUVmax in predicting survival. Dual-modality late responders (met-
abolic and size) trended toward a prolonged survival in compari-
son to unimodality late responders (either metabolic or size);
nonresponders (neither metabolic nor size) exhibited the shortest
survival.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET allows sur-
vival predictions early after the initiation of first-line therapy in
patients with PDAC and might therefore potentially serve as an
early interim endpoint biomarker in research and the clinic.
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131I-GD2-ch14.18 Scintigraphy to Evaluate Option for
Radioimmunotherapy in Patients with Advanced Tumors
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The tumor-selective ganglioside antigene GD2 is frequently expressed
on neuroblastomas and to a lesser extent on sarcomas and neuroen-
docrine tumors. The aim of our study was to evaluate the tumor tar-
geting and biodistribution of 131I-labeled chimeric GD2-antibody
clone 14/18 (131I-GD2-ch14.18) in patients with late-stage disease in
order to identify eligibility for radioimmunotherapy. Methods: Twenty
patients (neuroblastoma, n5 9; sarcoma, n59; pheochromocytoma,
n5 1; and neuroendocrine tumor, n5 1) were involved in this study. A
21- to 131-MBq dose (1–2MBq/kg) of 131I-GD2-ch14.18 (0.5–1.0mg)
was injected intravenously. Planar scintigraphy was performed within
1 h from injection (day 0) and on days 1, 2, 3, and 6 or 7 to analyze
tumor uptake and tracer biodistribution. Serial blood samples were
collected in 4 individuals. Absorbed dose to tumor lesions and organs
was calculated using OLINDA software. Results: The tumor-targeting
rate on a per-patient base was 65% (13/20), with 6 of 9 neuroblasto-
mas showing uptake of 131I-GD2-ch14.18. Tumor lesions showed
maximum uptake at 20–64 h after injection (effective half-life in
tumors, 33–192 h). The tumor-absorbed dose varied between 0.52
and 30.2mGy/MBq (median, 9.08mGy/MBq; n5 13). Visual analysis
showed prominent blood-pool activity up to day 2 or 3 after injection.
No pronounced uptake was observed in the bone marrow compart-
ment or in the kidneys. Bone marrow dose was calculated at
0.09–0.18mGy/MBq (median, 0.12mGy/MBq), whereas blood dose
was 1.1–4.7mGy/MBq. Two patients (1 neuroblastoma and 1 pheo-
chromocytoma) with particularly high tumor uptake underwent radio-
immunotherapy using 2.3 and 2.9GBq of 131I-GD2-ch14.18, both
achieving stable disease. Overall survival was 17 and 6 mo, respec-
tively. Conclusion: 131I-GD2-ch14.18 is cleared slowly from blood,
not resulting in good tumor-to-background contrast until 2 d after
application. With acceptable red marrow and organ dose, radioimmu-
notherapy is an option for patients with high tumor uptake. However,
because of the variable GD2 expression, the decision should depend
on pretherapeutic dosimetry.

Key Words: 131I-GD2; neuroblastoma; dosimetry; tumor dose;
radioimmunotherapy

J Nucl Med 2022; 63:205–211
DOI: 10.2967/jnumed.120.261854

The disialoganglioside GD2 is a sialic acid–containing glyco-
sphingolipid physiologically expressed on cell surfaces in the central
nervous system, peripheral sensory nerve fibers, and skin melano-
cytes at low levels (1–3). High GD2 expression has been recognized
in tumors such as neuroblastoma, in bone and soft-tissue sarcoma, in
neuroendocrine tumors, and in some brain tumors (1,4). Antibodies
targeting GD2 have been shown to exert antibody-dependent and
complement-dependent cytotoxicity in tumor cells (1,5,6). For
tumor-specific therapy, the chimeric antibody dinutuximab (ch14.18)
received approval for an orphan drug designation in 2015 from the
U.S. Food and Drug Administration at a dose of 17.5mg/m2/d. It is
the first monoclonal antibody specifically approved for maintenance
treatment of pediatric patients with high-risk neuroblastoma who
have achieved at least a partial response to first-line multimodal
therapy. In patients with neuroblastoma, dinutuximab was shown to
increase the 2-y event-free survival rate from approximately 46%
with standard treatment to 66% (6–8). Similar to this result, some
patients with refractory or recurrent disease achieved benefit from
an anti-GD2 therapy (9–11).
Radioimmunotherapy also involves selective targeting of cancer-

associated cell antigens, primarily using the antibody as a carrier
vehicle for radionuclides that deliver irradiation to tumor areas (12).
Thus, the anticancer activity of radioimmunotherapy is predomi-
nantly due to irradiation rather than antibody- or complement-
dependent cytotoxicity. As a result, radiation-sensitive tumors such
as leukemia and lymphomas are good candidates for radioimmuno-
therapy. In particular, CD20-targeted radioimmunotherapy using
131I (131I-tositumomab) (13) and 90Y-labeled antibodies (90Y-ibritu-
momab tiuxetan) (14) have demonstrated durable remission of
B-cell lymphoma. GD2-targeting radioimmunotherapy in high-risk
neuroblastoma patients was first evaluated using the murine anti-
body 3F8 labeled with 131I (15). In the subgroup of patient receiving
131I-3F8, the engraftment of autologous bone marrow transplanta-
tion was successful, and long-term progression-free survival was
comparable to a combination therapy with 3F8 and granulocyte-
macrophage colony-stimulating factor for patients in a first com-
plete response (16).
Accurate patient stratification is of the upmost interest, and

there are several criteria that might help to identify eligibility for
radioimmunotherapy (12). Besides tumor specificity and high tar-
get antigen expression, low uptake of the radiolabeled antibody
in organs such as the liver, spleen, and kidneys is crucial (17).
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Thus, evaluation of in vivo biodistribution is a key step toward
considering new applications of radioimmunotherapy (18).
For immunotherapies such as dinutuximab, with regard to

potential adverse effects—for example, neuropathic pain, infusion
reactions such as hypersensitivity, hypotension, and occasionally
capillary leak syndrome (7,19)—it is highly desirable to identify
eligibility (for immunotherapy and radioimmunotherapy) before
making a decision about further treatment. Therefore, the aim of
this pilot study was to evaluate the tumor targeting and biodistri-
bution of the 131I-labeled GD2-antibody ch14.18 (131I-GD2-
ch14.18) in patients with late-stage disease and ultimately identify
candidates for radioimmunotherapy.

MATERIALS AND METHODS

Antibody Preparation and Radiolabeling
131I for labeling in sodium hydroxide solution was purchased from

GE Healthcare Buchler. The antibody GD2-mAb (ch14.18) in sterile
aqueous solution ($4–5mg/mL) was provided by the children’s hospi-
tal of our institution in a quality suitable for clinical trials. As an iodin-
ation reagent, Iodo-Gen (Thermo Fisher Scientific) was used. All
other chemicals and materials were provided by commercial suppliers.
According to supplier instructions, 200mL of a solution (1mg/mL) of
Iodo-Gen in CH2Cl2 were introduced per vial, followed by evapora-
tion at room temperature. Coated vials were stored for a maximum of
1 wk under inert gas in the dark.

For diagnostic application, 1–2mg of antibody (200–400mL of anti-
body solution) were added to a coated vial, followed by the acquired
amount of 131I (25–100 mL) corresponding to 50–175MBq. For thera-
peutic application, 5mg of GD2-ch14.18 and 3,000–4,000MBq of 131I
were used for the otherwise identical labeling procedure.

Patients and Clinical Characteristics
The need for written informed consent for this study was waived by

the institutional review board (registry 821/2020BO2). Following the
stipulations of the German medicinal products act (“Arzneimittelgesetz”;
AMG §13[2b]), 131I-GD2-ch14.18 was used in patients with late-stage
disease and in order to identify candidates for radioimmunotherapy.

In total, 20 patients were included in this retrospective analysis
(Table 1). All patients had a history of surgical tumor resection and sys-
temic chemotherapy. Neuroblastoma patients (8 children and 1 adult)
had stage IV disease and had previously been treated by myeloablative
chemotherapy with autologous hematopoietic stem cell rescue. Four of
9 patients additionally received external-beam irradiation, and 5 of 9
received nonradioactive GD2-antibody therapy. All neuroblastoma
patients underwent 123I-metaiodobenzylguanidine (123I-MIBG) scintig-
raphy, which demonstrated tumor uptake in only 3 of 9 cases. Individu-
als with 123I-MIBG–positive tumors had earlier received 131I-MIBG
therapy. Patients with metastatic sarcoma were predominantly adults
(n5 6/9; age range, 18–51 y). One of the remaining 2 patients had
advanced neuroendocrine tumor, and the other had malignant pheochro-
mocytoma. MRI or CT imaging was used as the reference standard for
detection of tumor manifestations on 131I-GD2-ch14.18 scans.

Protocol for Scintigraphy
A 21- to 131-MBq dose (1–3MBq/kg) of 131I-GD2-ch14.18

(0.5–1.0mg of antibody) was diluted in 100 mL of 0.9% NaCl and
infused intravenously over 45–60 min. Premedication included antihist-
amines and prednisolone. Whole-body (WB) planar scintigraphy was
performed using a double-head g-camera (Hawkeye/Millenium VG; GE
Healthcare) with a high-energy general-purpose collimator and a matrix
size of 1,024 3 256 pixels. The energy window was set at 364 6 36
keV for 131I. Acquisitions were performed at 1, 24, 48, and 72 h after
injection, as well as, if possible, 5–6 d after injection. Additional

SPECT/CT of tumor regions was performed for some patients. Serial
blood samples were collected from 4 patients (3 adults and 1 child).

131I-GD2-ch14.18 Treatment
Two adult patients (1 neuroblastoma and 1 pheochromocytoma)

received treatment with 131I-GD2-ch14.18 (2,275MBq with 1.7mg of
GD2-Ab and 2,942MBq with 1.6mg of GD2-Ab, respectively). Comedi-
cations included dexamethasone, 8mg to 16mg daily for 5 d; antihist-
amines; and analgesia, if required. The patients were hospitalized for
4–5d after the infusion. Posttreatment evaluations included clinical status,
vital signs, neurologic examination, blood for serum chemistries, and elec-
trocardiography. The hemogram was checked 0.5, 1, 2, and 3 mo after
treatment. WB CT imaging was performed 2 and 5 mo after treatment.

Normalized Blood Tracer Concentration
Activity concentrations (Bq/mL) from blood samples (0.1–0.5 mL

of full blood) were determined using an automatic g-counter (Wizard
1480; Wallac). Data were corrected for background radiation, cross
over, dead time, and decay due to the collection times of the individual
samples. A final normalization of the injected activity was calculated
with the normalized blood tracer concentration and expressed as per-
centage injected activity per milliliter.

Biodistribution
Distribution of radioactivity in various organs was measured using

count rates in regions of interest defined on serial planar scans. A
baseline scan was performed within 1 h from activity infusion before
the first urination. Data were expressed as percentage WB count frac-
tion of injected activity.

Since data from 1 patient were not eligible for biodistribution mea-
surement, the statistics were based on 19 patients. Time–activity curves
were drawn for visually well-defined GD2-positive tumors (fraction of
injected activity per cubic centimeter of tumor, n5 12 patients).

Bone Marrow Dose
The bone marrow dose was calculated using the following

equation (20):

Bone marrow dose
mGy
MBq

% $
¼ 0:0583~Ablood3mRM

3
RMECFF

ð12HCTÞ3Ainjected

where Ablood denotes the accumulated blood activity concentration
(MBq 3 h/g), mRM denotes the mass of red bone marrow (g), and
Ainjected denotes the injected activity (MBq). RMECFF is red mar-
row extracellular fluid fraction, and HCT denotes hematocrit.

The red bone marrow mass was calculated from the total body
weight (g) multiplied by 1.37% in male patients and 1.16% in female
patients (21). The dose conversion factor RMECFF/(1 2 HCT) was
assumed to be 0.32 (20).

Dosimetry
Radiation doses absorbed by WB, heart, lung, liver, spleen, and kid-

ney were calculated from the 131I time-integrated activity coefficient
(TIAC) in the defined region of interest. Organ radioactivity content
was estimated from the geometric mean of anterior and posterior
region-of-interest counts. A standard marker of 131I-GD2-ch14.18
($1MBq) was placed in each WB scan as a reference to ensure con-
stancy of g-camera electronics and scan speed. These data were fitted
to a rising and falling exponential function:

YðtÞ ¼ A½12expð2atÞ% " expð2btÞ
Integration of the equation for Y(t) yields the cumulative activity in

counts 3 h (or fraction of injected activity 3 h). Finally, OLINDA
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software (Vanderbilt University) was used for dosimetric analysis of
all patients.

Tumor Uptake and Tumor TIACs
Absorbed doses of tumors were calculated from regions of interest,

with background correction and tumor volumes measured from CT or
MRT scans. In patients presenting with multiple tumor lesions, a refer-
ence tumor site was defined on the basis of the CT or MRI data com-
prising the best-delineated or largest lesion. Because time–activity
curves showed increasing uptake in tumor regions during the examina-
tion cycle, the above equation could not be applied for tumor TIAC.
For this reason, we used the following formulas for TIAC in tumor
regions:

ttumor ¼ ~Atumor=Ainjected

and

~Atumor ¼
ð1
0

dt AðtÞ ¼
ðT
0

dt AðtÞ þ
ð1
T

dt AðtÞ

where the first integral was approximated from experimental data
using the trapezoidal rule and the second integral was analytically
solved using the last measured value and a monoexponential decay
with physical half-life time.

Statistics
Results are shown as means 6 SDs. Data were calculated using

Microsoft Excel software. Statistical testing (1-way ANOVA) was
performed using SigmaStat software (version 3.5; Systat Software).
For analyzing the significance of the results, a t test based on range
was used. A P of less than 0.05 was regarded as significant.

RESULTS

Biodistribution
Application of 131I-GD2-ch14.18 was accompanied by a sensa-

tion of mild to moderate malaise and tightness in the chest during
infusion in most patients (18/20). In addition, grade 3 generalized
pain was observed in 2 patients (patients 3 and 17). These side
effects were completely resolved right after the end of infusion in
all cases. All patients underwent a sequential WB scintigraphy scan
up to day 4. Data from 3 patients were not sufficient for dosime-
try—in one (patient 7), because of a missing scan on day 1, and in
two (patients 8 and 20), because there were only 2 consecutive
scans. Thus, scans from 17 individuals were used for dosimetric
analyses. The tumor-targeting rate on a per-patient base was 65%
(13/20). In particular, 6 of 9 investigated patients with neuroblas-
toma showed uptake of 131I-GD2-ch14.18. Clinical characteristics
and tumor detectability on GD2 scans are depicted in Table 1. The
liver and spleen were visualized in all patients, except for one with
a history of splenectomy. The urinary bladder showed pronounced
radioactivity in most patients, usually on days 1 and 2. No remark-
able uptake was seen in the bone marrow compartment or in the
kidneys at any time point.
The blood activity concentration in 3 adults indicated nearly

complete retention of 131I-GD2-ch14.18 in the blood compartment
up to 2 h after infusion (0.0174% 6 0.0018% injected activity/mL
at 0.1 h after injection), followed by a decrease with an effective
blood half-life of approximately 24 h (Fig. 1A). Data from a single
pediatric patient (Fig. 1B) showed a higher blood activity right

after the tracer application (0.053% injected activity/mL) and an
effective blood half-life of 41 h.
A typical example of sequential planar WB scans is depicted in

Figure 2. Analysis of biodistribution (Fig. 3) demonstrated that the
activity of 131I-GD2-ch14.18 in organs peaked within the first
hour and continually declined thereafter (lung, 8.02% 6 1.17%;
liver, 9.33% 6 1.63%; spleen, 2.07% 6 0.64%; and kidney,
2.24% 6 0.91%, at 1 h after injection, vs. lung, 5.20% 6 1.24%;
liver, 5.39% 6 1.42%; spleen, 1.25% 6 0.42%; and kidney,
1.21% 6 0.61%, at 24 h after injection). Tumor lesions showed
uptake in 13 of 20 patients, but a sole pelvic tumor lesion in
patient 16 was partly superimposed by the urinary bladder. Hence,
tumor dosimetry could be performed for 12 patients.

FIGURE 1. Normalized blood tracer concentrations at different time
points (percentage injected activity [IA] of 131I-GD2-ch14.18 per milliliter of
blood). (A) Mean6 SD from 3 adults (patients 1–3). (B) Values from 1 pedi-
atric patient (6-y-old boy, patient 4).

FIGURE 2. Sequential planar WB 131I-GD2-ch14.18 scans (anterior
view) demonstrating increased targeting of tumor lesion in left distal tibia
on days 2–4 in patient 18, with osteosarcoma.
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In contrast, GD2-expressing tumors showed no early peak but a
more stable activity level, with maximum uptake between 1 and
3 d after injection (0.60% 6 0.85% at 1 h after injection, 0.52% 6

0.65% at 24 h after injection, 0.54% 6 0.69% at 48 h after injec-
tion, and 0.52% 6 0.63% at 72 h after injection) (Fig. 3). Of note,
the tumoral activity varied over a wide range between individuals
(Fig. 4). Because of the high blood-pool activity level on early
scans, tumor-to-background contrast was best on day 2 or later.

Dosimetry
Quantification of the absorbed radiation dose is presented in

Table 2. The calculated median and mean doses to tumor lesions
were 9.08 and 11.83mGy/MBq, respectively. The ratios of median
tumor-to-organ doses were 10.32 for lungs, 15.93 for liver, 7.90
for spleen, 15.93 for kidneys, and 75.67 for red bone marrow. The
individual absorbed tumor dose varied over a range between 0.52

and 30.20mGy/MBq. The noticeably highest and lowest values
were both from Ewing sarcoma patients. All 6 GD2-positive neu-
roblastoma patients showed intense uptake, with a median tumor
dose of 8.50mGy/MBq.

Radioimmunotherapy
Two adult patients (patient 1, with neuroblastoma, and patient 2,

with pheochromocytoma) who showed intense tumor uptake
(tumor dose, 6.7 and 8.2mGy/MBq) were selected to receive radio-
immunotherapy with I-GD2-ch14.18. The bone marrow dose was
calculated at 0.11 and 0.18mGy/MBq, respectively. An activity of
2.3 and 2.9GBq (30–40MBq/kg) of I-GD2-ch14.18 was applied
for radioimmunotherapy. Treatment was well tolerated in both
cases. Both patients received posttherapeutic imaging with WB
scans and additional SPECT/CT. Figure 5 depicts intense targeting
of bone and liver tumor lesions in the patient with neuroblastoma
on day 2 after radioimmunotherapy.
Follow-up imaging after 2 mo (CT or MRI) showed stable dis-

ease with metastases in the patient with neuroblastoma. Moderate
thrombocytopenia was observed in this patient 4 wk after radioim-
munotherapy and spontaneously recovered after another 4 wk.
However, the patient with pheochromocytoma presented with pro-
gression of metastases in the bone, bone marrow, liver, and lung
2mo after radioimmunotherapy. Pancytopenia with severe throm-
bocytopenia (19,000/mL) occurred in this patient 6 wk after radio-
immunotherapy. The improvement thereafter indicates that the
radioimmunotherapy was the possible cause. Underlying limited
hematopoiesis due to heavy pretreatment, as well as bone marrow
tumor involvement, were likely cofactors. The overall survival
of these patients was 17 and 6 mo from radioimmunotherapy,
respectively.

DISCUSSION

Even though radionuclide therapies such as MIBG or peptide
receptor radionuclide therapy are readily available for neuroblas-
toma or neuroendocrine tumor, patients with insufficient targeting
or refractory disease may be candidates for GD2-directed radioim-
munotherapy. Immunotherapy targeting GD2 using the chimeric
antibody ch14.18 has been studied extensively, but its use as a
radiolabeled compound and thus dosimetry in humans as a prereq-
uisite for radioimmunotherapy have been lacking so far. Our
results confirmed significant GD2 targeting in most tumors investi-
gated. In particular, most patients with advanced neuroblastoma
showed intense tumor uptake. These results correspond to the

FIGURE 3. Biodistribution as calculated from region-of-interest analysis
of planar scintigraphy (n 5 19). 131I-GD2-ch14.18 uptake in organ and
tumor lesions is expressed as fraction of injected activity (FIA) (mean6 SD)
at different time points after injection (p.i.).

FIGURE 4. Time–activity curves for GD2-positive tumors (fraction of
injected activity [FIA] of tumor volume per cubic centimeter). Data repre-
sent uptake of reference tumor lesions in 12 patients. Because of overlap-
ping of tumor lesion with urinary bladder, patient 16 was excluded.

TABLE 2
131I-GD2-ch14.18 Absorbed Dose (mGy/MBq)

Target organ Median Minimum Maximum n Mean SD

Red marrow 0.12 0.09 0.18 4 0.12 0.03

Lung 0.88 0.29 3.31 17 1.20 0.86

Liver 0.57 0.23 1.70 17 0.70 0.41

Spleen 1.15 0.40 4.41 16 1.51 1.13

Kidney 0.57 0.19 1.89 17 0.72 0.48

Total body 0.30 0.09 1.46 17 0.41 0.34

Tumor 9.08 0.52 30.20 12 11.83 8.10

Effective dose 0.43 0.12 2.68 17 0.61 0.59
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findings of Reuland et al. (22), who revealed GD2 targeting in a
cohort of largely MIBG-negative neuroblastomas using the same
antibody but labeled with 99mTc. GD2 targeting was currently also
demonstrated in 2 individuals with osteosarcoma and 3 of 6
patients with Ewing sarcomas, as is in line with the variable
expression of the target antigen in these malignancies (23). Over-
all, our study revealed that the ch14.18 antibody retains its
antigen-binding ability after labeling with 131I.
Serial WB scans showed a slow but continuous decline of

organ and blood radioactivity, whereas GD2-positive tumor
lesions demonstrated relatively stable radiotracer retention over
time. This resulted in good tumor-to-background contrast from
2d after tracer injection. Slow clearance of radioactivity from the
blood is common for radiopharmaceuticals based on full-size
monoclonal antibodies (24) and has in fact been observed previ-
ously with 64Cu-labeled GD2-ch14.18 antibody in an animal
model (25,26). The prolonged blood residence of the antibody
conjugate will contribute to absorbed dose in blood-bearing
organs such as the liver, spleen, heart, kidneys, and bone mar-
row. Nevertheless, dosimetry in GD2-positive tumors revealed
10-fold higher or even better tumor-to-organ dose ratios—that is,
therapeutic indices—thus meeting published criteria for radioim-
munotherapy (12).
Despite premedication, mild to moderate antigen reactions

were observed under infusion of I-GD2-ch14.18 in most of our
patients, whereas 2 individuals additionally experienced diffuse
pain. Such antigen toxicity is well known from therapeutic appli-
cation of nonradioactive GD2-targeting antibodies (27) and has
been shown to be dose-dependent (28). However, the amount of
antibody injected for scintigraphy (maximum, 1mg) was less
than 10% of the approved dose in nonradioactive immunotherapy
with dinutuximab.
Our study had some limitations. Only planar scintigraphy was

available for sequential imaging, and SPECT/CT was added in only
selected cases, aiming to better delineate tumor sites. As a result, dose
estimations are based on planar scans alone and have to be considered
merely semiquantitative, as the combined uncertainties are considered
a factor of 2 or even greater (29). Moreover, overlap of lesions and
blood pool or organs may prevent precise identification of tumor
lesions. A dual integral formula was used to estimate tumor TIAC.
Because effective half-life after the last measured time point was

unknown, physical decay was used for the
second integral. As a result, the true tumor-
absorbed dose might be considerably lower.
Obviously, an elaborate dosimetry will be
needed for volume-of-interest analyses using
quantitative SPECT/CT (30) or PET/CT
(25). Serial blood samples were available
for only 4 of 20 patients; thus, analyses of
131I-GD2-ch14.18 blood kinetics and red
marrow dose are to be regarded as prelimi-
nary. Finally, because of the small number
of patients in this retrospective analysis,
tumor targeting and, especially, the safety
and efficacy of 131I-GD2-ch14.18 radioim-
munotherapy will have to be further evalu-
ated in prospective studies.

CONCLUSION

Sequential scintigraphy demonstrated
slow clearance of 131I-GD2-ch14.18 from blood, resulting in favor-
able tumor-to-background contrast from 2 d after application. With
an acceptable red marrow dose, radioimmunotherapy may be con-
sidered an option for patients with high tumor uptake. Because of
the variable GD2 expression, pretherapeutic imaging and dosimetry
are recommended. Development of GD2-targeting fragments might
accelerate blood clearance and may improve radioimmunotherapy in
the future.
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KEY POINTS

QUESTION: What are the tumor targeting and biodistribution of
131I-GD2-ch14.18 in patients with late-stage disease who are
potentially eligible for radioimmunotherapy?

PERTINENT FINDINGS: In this retrospective study, sequential
scintigraphy demonstrated a favorable tumor-to-background con-
trast for 131I-GD2-ch14.18 from 2 d after application. Moreover,
dosimetry in planar scintigraphy in GD2-positive tumors revealed
up to 10-fold higher tumor-to-organ dose ratios—that is, thera-
peutic indices.

IMPLICATIONS FOR PATIENT CARE: With an acceptable red
marrow dose, radioimmunotherapy may be an option for patients
with high tumor uptake. Because of the variable GD2 expression,
pretherapeutic imaging and dosimetry are recommended.
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Cancer-associated fibroblasts that overexpress fibroblast activation
protein (FAP) are enriched in many epithelial carcinomas and in hema-
tologic neoplasms. PET/CT with radiolabeled FAP inhibitor (FAPI) is a
new diagnostic tool for visualizing the tumor stroma. This prospective
study aimed to profile FAPs in different subtypes of lymphomas and
explore the potential utility of 68Ga-FAPI PET/CT in lymphomas.
Methods: In this prospective study, we recruited 73 lymphoma
patients who underwent 68Ga-FAPI PET/CT and recorded and mea-
sured semiquantitative parameters and ratios of their scan results.
FAPI expression was assessed by immunochemistry in samples
obtained from 22 of the lymphoma patients. Results: We evaluated
11 patients with Hodgkin lymphoma and 62 with non-Hodgkin lym-
phoma (NHL). Significantly elevated FAP uptake was observed in
Hodgkin lymphoma lesions, correlating with the intensity of FAP
immunostaining (score, 31). A positive association was found
between the corresponding clinical classification of NHL and the
68Ga-FAPI uptake activity of the lesion. Aggressive NHL lesions, with
moderate to strong FAP immunostaining (score, 21 to 31), exhibited
intense to moderate 68Ga-FAPI uptake. Indolent NHL lesions showed
weak FAP staining and mild to moderate 68Ga-FAPI uptake. No statis-
tically significant correlation emerged between the sum of the product
of the diameters and the corresponding SUVmax (P5 0.424). The
tumor-to-liver ratios were 6.2664.17 in indolent NHL and more than
9 in other subtypes. Conclusion: 68Ga-FAPI imaging can be used to
detect FAP expression in lymphoma lesions and may be an alternate
method for characterizing lymphoma profiles.

Key Words: 68Ga-FAPI PET; lymphoma; cancer-associated fibro-
blasts; fibroblast activation protein; tumor stroma

J Nucl Med 2022; 63:212–217
DOI: 10.2967/jnumed.121.262134

Lymphomas are a heterogeneous group of malignancies aris-
ing from lymphocytes and typically involve lymphoid organs.
They account for approximately 3.5% of new malignant cases
worldwide, with B-cell lymphomas (BCLs) and Hodgkin lym-
phoma (HL) accounting for 80% and 10% of all lymphoma cases,

respectively. Lymphoma pathogenesis is well understood, and
there is increasing focus on nonmalignant cells residing in the
tumor, primarily immune and stromal cells, which constitute the
so-called tumor microenvironment (1).
Recent studies have suggested that the outcome of patients with

lymphoma is entwined with the remarkable heterogeneity of both the
malignant clone and the cellular/extracellular microenvironment and
unveiled fibroblasts in the microenvironment that might exhibit both
a protumorigenic and an antitumorigenic phenotype (2,3). A stromal
gene signature representing fibroblasts has been shown to correlate
with poor survival in carcinomas, including breast, ovarian, pancre-
atic, and colorectal cancer. Paradoxically, a closely related gene sig-
nature has been associated with good survival in BCLs (4,5). This
contradictory result has generated lots of interest and effort in eluci-
dating fibroblast-mediated effects. Even though these studies indi-
cated that stromal signatures of BCLs could predict survival, they
were clinically restrained by the lack of robust and reproducible bio-
markers (6,7). Additionally, to support histopathologic and genic evi-
dence, the tumor stroma needs to be visualized and monitored, and
imaging is an essential aspect of the diagnostic workup.
Nonhematopoietic (CD45-negative) tumor stroma in lymphoid

tissues comprise cells of mesenchymal origin and vascular endothe-
lial cells (8). Cancer-associated fibroblasts (CAFs) belong to the
CD45-negative–reprogrammed myelofibroblastic network and play
a crucial role in the development and progression of solid tumors
(9). CAFs and activated fibroblasts selectively overexpress a
growth factor, fibroblast activation protein (FAP). Molecular PET/
CT imaging with radiolabeled FAP inhibitor (FAPI) has been eval-
uated in various diseases but not in lymphoma (10,11). Recently,
we incidentally found a mild 68Ga-FAPI uptake in a primary gas-
tric diffuse large BCL (DLBCL) lesion. Thus, we hypothesize that
CAFs in lymphoma can be imaged using 68Ga-FAPI PET/CT (12).
The aim of this prospective study was to identify FAPs with

68Ga-FAPI-04 PET/CT in different subtypes of lymphomas (espe-
cially T-cell lymphoma), quantify 68Ga-FAPI-04 accumulations in
nodal and extranodal lesions, and explore the potential utility of
68Ga-FAPI-04 PET/CT in lymphomas.

MATERIALS AND METHODS

Patients
This prospective study was approved by the Institutional Review

Board of our hospital (approval 2019KT95) and registered with Clini-
calTrials.gov (NCT04367948). Written informed consent was obtained
from the patients for receiving 68Ga-FAPI PET/CT examinations and
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the publication of their anonymous data accompanying the imaging
results. Study enrollment was performed from December 2019 to
August 2020. The patient inclusion criteria were a pathologic diagno-
sis of lymphoma, an age of 18–75 y, expected survival of at least
12wk, and a minimum of 1 target lesion with 68Ga-FAPI uptake. The
exclusion criteria were severe liver or kidney dysfunction, pregnancy
or lactation, inability of the patient to lie on the scanner bed for less
than 0.5 h, and inability or unwillingness of the patient or legal repre-
sentative to provide written informed consent. The final study cohort
comprised 73 patients with lymphoma. The study flowchart of patient
enrollment is presented as Supplemental Figure 1 (supplemental mate-
rials are available at http://jnm.snmjournals.org).

Radiopharmaceuticals
Synthesis and radiolabeling of 68Ga-FAPI-04 were performed as pre-

viously described. Briefly, 68Ga was chelated after pH adjustment with
sodium acetate. Then, a reaction mixture of 25 mg (28.6 nmol) of FAPI-
04 and 1.7GBq of 68Ga solution was heated to 100!C for 10min. Next,
the reaction solution was diluted to 5mL and passed through a precondi-
tioned Sep-Pak C18 Plus Light Cartridge (Waters), and the cartridge was
eluted with 0.5mL of 75% ethanol to obtain the final product. Quality
control of the radiosynthesis was performed by ultraviolet and radio-
high-performance liquid chromatography, and the radiochemical purity
was more than 95%. The 68Ga-FAPI injections were filtered through a
0.22-mmMillex-LG filter (EMD Millipore) before clinical use.

PET/CT Imaging
The radiopharmaceutical was administrated intravenously at a dose of

1.8–2.2MBq/kg. At approximately 606 10 min after injection, a torso
acquisition (n5 52) of 6–8 bed positions (1 min/bed position) com-
menced using a hybrid system (Philips Gemini TF PET/CT scanner) that
covered from the base of the skull to the upper thigh. Non–contrast-
enhanced CT was performed using 100-mA modulation, 120 kV, and a
slice thickness of 3 mm for attenuation correction and anatomic localiza-
tion purposes. The dedicated head acquisition was separately performed
at 1 bed position (8–10 min/bed position). Acquisitions from the top of
the skull to the upper thigh or the tip of the toes were performed on the
remaining 21 patients. The emission data were corrected for random,
scatter, and decay. The data were reconstructed using the ordered-subset
expectation maximum algorithm to obtain coronal, sagittal, and cross-
sectional PET and PET/CT images. The total scan time was approxi-
mately 19 min. The patients were asked to self-report any abnormalities
at 30 min after the PET/CT scans.

Image Interpretation
Three experienced nuclear physicians were assigned to indepen-

dently interpret each patient’s PET images with knowledge of the clin-
icopathologic data on a Philips EBW workstation. The presence and
sites of lymphoma involvement and the intensity of the 68Ga-FAPI
uptake in the lesions were recorded for each PET scan. Increased
radioactivity compared with the background uptake was considered
positive and was measured and calculated via the region-of-interest
technique. Any discordant results were resolved by consensus. Up to 6
of the largest or highest SUVmax lymphoma lesions were identified
from different body regions for each PET/CT scan. The product of the
diameters was calculated by multiplying the longest diameter by the
shortest diameter for each lesion. Then, the products of the diameters
were added to assess the sum of products of the diameters (SPD),
which was representative of the patient’s overall disease burden.
The nonspecific background in the liver was quantified with a circular
2-cm-diameter sphere, and the tumor-to-liver ratio was calculated.

Immunohistochemistry
FAP expression in lymphoma lesions was determined using post-

surgical histology samples from 7 patients and biopsy samples from

15 patients via immunohistochemistry performed as per a previous
report. Before immunohistochemistry staining, the tissue sections
were stained with hematoxylin and eosin and reviewed by 2 experi-
enced pathologists. FAP was detected using a rabbit monoclonal
antibody against FAP (BM5121; Boster). Briefly, formalin-fixed, par-
affin-embedded blocks were cut into 4-mm-thick sections, deparaffi-
nized in xylene, and rehydrated. Antigen was retrieved using
ethylenediaminetetraacetic acid (pH 8.0; Santa Cruz Biotechnology) in
a pressure cooker for 3 min. Then, the sections were incubated in 3%
H2O2 solution for 10 min at room temperature to block endogenous
peroxidase activity. Immunohistochemistry was performed with anti-
FAP antibody at a dilution of 1:400 for 12 h at 4!C. Subsequently,

TABLE 1
Clinical Features of 73 Patients with Lymphoma

Parameters No. of patients

Sex

Male 37 (50.68%)

Female 36 (49.32%)

Age

.60 y 26 (35.62%)

#60 y 47 (64.38%)

Treatment type

Initial assessment 48 (65.75%)

Progressed 17 (23.29%)

Relapsed 8 (10.96%)

Lesion distribution

Nodal only 15 (20.55%)

Extranodal, primary 19 (26.03%)

Both 39 (53.42%)

Histologic subtype

HL 11 (15.07%)

NHL 62 (84.93%)

DLBCL 34 (46.57%)

ENKTCL 5 (6.85%)

AITL 4 (5.48%)

PMBL 2 (2.74%)

BL 1(1.37%)

MCL 1 (1.37%)

B-LBL 1 (1.37%)

C-ALCL 1 (1.37%)

CD81 AECTCL 1 (1.37%)

FL 9 (12.33%)

MALT lymphoma 2 (2.74%)

CLL/SLL 1 (1.37%)

ENKTCL 5 extranodal natural killer/T-cell lymphoma;
AITL5 angioimmunoblastic T-cell lymphoma; PMBL5primary
mediastinal large BCL; BL5Burkitt lymphoma; MCL5mantle cell
lymphoma; B-LBL - B lymphoblastic leukemia/lymphoma;
C-ALCL5primary cutaneous anaplastic large-cell lymphoma;
CD81 AECTCL5 cutaneous CD8-positive aggressive epidermo-
tropic cytotoxic T-cell lymphoma; FL5 follicular lymphoma; CLL/
SLL5 chronic lymphocytic leukemia/small lymphocytic lymphoma.

68GA-FAPI PET/CT IN LYMPHOMA ( Jin et al. 213



antirabbit IgG-horseradish peroxidase-linked secondary antibody was
applied for 30 min at 37!C. Then, the sections were developed with
3,39-diaminobenzidine tetrahydrochloride. Mayer hematoxylin was
applied for 5 min as a counterstain. Photographs of representative
fields were taken using an N-Achroplan objective (Zeiss). The FAP
expression was assessed visually and quantitatively. Stromal cell stain-
ing was scored as 0 (absence of FAP immunostaining), 11 (weak
FAP staining in ,10% of stromal cells), 21 (positive FAP immunos-
taining in 10%–50% of stromal cells), and 31 (moderate to strong
FAP immunostaining in .50% of stromal cells) (13).

Statistical Analysis
All statistical analyses were conducted using SPSS software (ver-

sion 20.0; IBM Corp.). SUVs were presented as the mean6SD. The
Kolmogorov–Smirnov test was used to determine whether the data
were normally distributed. Comparisons between the average SUVmax

were made using the t test or Mann–Whitney U test. The correlation
between SUVmax and histologic subtypes was evaluated by the

Pearson correlation coefficient. A P value of less than 0.05 was con-
sidered statistically significant.

RESULTS

Patient Characteristics
We enrolled 73 patients (36 women and 37 men; age,

51.66 14.2 y; range, 21–74 y) in our study. Of them, 48 had newly
diagnosed lymphoma, 17 had progressive disease, and 8 had relap-
ses. Non-Hodgkin lymphoma (NHL; n5 62, 84.93%) was the most
prevalent pathologic subtype, including DLBCL (n5 34, 46.57%),
follicular lymphoma (n5 9, 12.33%), extranodal natural killer/T-
cell lymphoma (n5 5, 6.85%), angioimmunoblastic T-cell lym-
phoma (n5 4, 5.48%), primary mediastinal large BCL (n5 2,
2.74%), and mucosa-associated lymphoid tissue (MALT) lym-
phoma (n5 2, 2.74%). The other enrolled subtypes had 1 case
each. Fifteen cases (20.55%) involved only lymph nodes, and 19
(26.02%) were primary extranodal lymphomas (Table 1).

TABLE 2
SUVmax of Nodal and Extranodal Lymphoma Lesions

Nodal Extranodal

Lymphoma group Histology Patients (n) Average Median Range Average Median Range P

Initial HL 6 11.7864.03 11.8 7.3–18.1 7.206 2.55 7.2 5.4–9.0 0.18

DLBCL 22 8.526 4.57 8.4 2.3–20.2 10.146 4.33 10.9 3.7–17.1 0.08

ENKTCL 3 5.406 3.14 6.8 1.8–7.6 7.936 1.12 8.2 6.7–8.9 0.29

AITL 3 6.576 2.40 6 4.5–9.2 2.4 2.4 NA NA

PMBL 2 18.4066.01 20.2 11.7–23.3 NA NA NA NA

BL 1 NA NA NA 19.1 19.1 NA NA

B-LBL 1 2.3 2.3 NA 6.5 6.5 NA NA

MCL 1 NA NA NA 5.1 5.1 NA NA

FL 7 5.606 2.71 5.4 1.7–9.8 7.956 3.68 8.05 4.2–11.5 0.47

MALT lymphoma 1 NA NA NA 1.8 1.8 NA NA

CLL/SLL 1 5.9 5.9 NA 4.5 4.5 NA NA

Total 48 8.356 4.87 7.6 1.7–23.3 8.926 6.08 8.2 1.8–19.1 0.11

Progressed HL 3 9.636 4.05 8.6 6.2–14.1 5.906 5.44 3.7 1.9–12.1 0.29

DLBCL 8 7.876 1.89 8.7 4.3–9.7 9.406 6.40 6.8 2.8–21.0 0.36

CD81 AECTCL 1 NA NA NA 8.4 8.4 NA NA

ENKTCL 1 NA NA NA 7.5 7.5 NA NA

AITL 1 4.9 4.9 NA NA NA NA NA

MALT 1 4.9 4.9 NA 5.6 5.6 NA NA

FL 2 5.5 5.5 4.3–6.7 12.3 12.3 NA NA

Total 17 7.496 2.68 7.05 4.3–14.1 8.386 5.23 7.15 1.9–21.0 0.60

Relapsed HL 2 7.456 3.75 7.45 4.8–10.1 6.756 2.62 6.75 4.9–8.6 NA

DLBCL 4 5.676 5.23 3.7 1.7–11.6 7.636 3.68 6.65 4.4–12.8 0.96

ENKTCL 1 NA NA NA 8.7 8.7 NA NA

C-ALCL 1 NA NA NA 5.2 5.2 NA NA

Total 8 6.386 4.26 4.8 1.7–11.6 7.246 2.80 6.65 4.4–12.8 0.95

ENKTCL5 extranodal natural killer/T-cell lymphoma; AITL5 angioimmunoblastic T-cell lymphoma; NA5 not applicable;
PMBL5primary mediastinal large BCL; BL5Burkitt lymphoma; B-LBL5B lymphoblastic leukemia/lymphoma; MCL5mantle cell
lymphoma; FL5 follicular lymphoma; CLL/SLL5 chronic lymphocytic leukemia/small lymphocytic lymphoma; CD81 AECTCL5 cutaneous
CD8-positive aggressive epidermotropic cytotoxic T-cell lymphoma; C-ALCL5primary cutaneous anaplastic large-cell lymphoma.
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Quantifying 68Ga-FAPI-04 Uptake in Lymphoma Lesions
The 68Ga-FAPI-04 PET/CT scans were visually positive for

detecting lymphoma in 72 of 73 (98.6%) patients because of the
low background, except a patient with primary gastric MALT lym-
phoma. The average SUVmax, median SUVmax, and SUVmax range
of the lymphoma lesions were 9.466 4.61, 8.9, and 1.7–23.3,
respectively. The average SUVmax of the initial assessment,

progressed, and relapsed groups was 9.746 4.88, 9.376 5.03, and
8.356 2.57, respectively (P5 0.769). The overall SUVmax

(7.986 4.39 vs. 8.496 4.45), median SUVmax (7.3 vs. 7.5) and
SUVmax range (1.7–23.0 vs. 1.8–21.0) of 68Ga-FAPI in nodal and
extranodal lesions did not differ (P . 0.05). Similar results were
found in various histologic subtypes (P . 0.05) (Table 2).

The lymph node sizes and SPDs in different histologic subtypes
are shown in Table 3. The mean SPD, median SPD, and SPD range
of lymphoma lesions were 34.226 34.46, 25.54, and 2.10–229.49,
respectively. No statistically significant correlation emerged between
the SPD and corresponding SUVmax (r5 0.107, P5 0.424).
All tumor entities exhibited a high interindividual and intrale-

sional SUV variation (Fig. 1). The highest average SUVmax (.10)
was found in primary mediastinal large BCL, Burkitt lymphoma,
HL, and DLBCL. The lowest 68Ga-FAPI intensity (average
SUVmax, 5) was observed in MALT lymphoma. Other subtypes
showed moderate 68Ga-FAPI uptake (average SUVmax, 5–10). No
statistically significant difference was found between the SUVmax

of HL (10.746 3.95) and NHL (9.236 4.71) (P5 0.323). SUVmax

was significantly higher for BCLs (9.976 4.68) than for T-cell
lymphomas (7.196 1.73) (P5 0.002). Figure 2 exhibits various
extranodal sites in the enrolled patients.
According to the clinical classification for NHL, the average

SUVmax of
68Ga-FAPI in aggressive (n5 50) lymphoma was sig-

nificantly higher than in indolent (n5 12) lesions (9.976 4.68 vs.
6.166 3.57; P5 0.008). Correlation analysis revealed a moderate
correlation between the clinical classification and SUVmax

(r5 0.338, P5 0.007). Because of the low background activity
(average SUVmean of liver, 1.116 0.36), the tumor-to-liver ratios
were 9.896 6.08, 10.036 5.12, and 6.266 4.17 in HL, aggressive
NHL, and indolent NHL, respectively.

TABLE 3
Size and SPD of Lymphoma Lesions

Node size (cm) SPD

Histologic subtype Patients (n) Median Average Range Median Average Range

HL 11 10.07 14.14613.22 2.53–47.23 27.13 41.44632.10 8.28–95.00

DLBCL 34 7.88 9.936 12.12 3.55–58.83 35.43 43.51647.78 11.99–229.49

ENKTCL 5 2.53 2.2960.81 1.39–2.95 10.55 14.126 7.86 7.09–24.47

AITL 4 4.60 4.5861.69 2.56–6.58 26.55 25.76618.36 2.56–47.36

PMBL 2 7.99 9.0664.99 3.55–19.35 39.61 38.02617.45 15.49–67.02

BL 1 NA NA NA 18.18 18.18 18.18

MCL 1 NA NA NA 15.89 15.89 15.89

B-LBL 1 2.71 2.71 2.71 43.03 43.03 43.03

C-ALCL 1 NA NA NA 2.10 2.10 2.10

CD81 AECTCL 1 NA NA NA 8.96 8.96 8.96

FL 9 5.40 8.2368.49 2.78–39.99 31.35 31.89618.40 5.56–70.88

MALT lymphoma 2 2.17 2.17 2.17 3.22 3.2261.57 2.11–4.33

CLL/SLL 1 8.84 8.84 8.84 32.6 32.6 32.6

ENKTCL5 extranodal natural killer/T-cell lymphoma; AITL5 angioimmunoblastic T-cell lymphoma; PMBL5primary mediastinal large
BCL; BL5Burkitt lymphoma; NA5 not applicable; MCL5mantle cell lymphoma; B-LBL5B lymphoblastic leukemia/lymphoma;
C-ALCL5primary cutaneous anaplastic large-cell lymphoma; CD81 AECTCL5 cutaneous CD8-positive aggressive epidermotropic
cytotoxic T-cell lymphoma; FL5 follicular lymphoma; CLL/SLL5 chronic lymphocytic leukemia/small lymphocytic lymphoma.

FIGURE 1. Average SUVmax of 68Ga-FAPI PET/CT in various histologic
subtypes. MCL5mantle cell lymphoma; C-ALCL5primary cutaneous
anaplastic large-cell lymphoma; CLL/SLL5 chronic lymphocytic leuke-
mia/small lymphocytic lymphoma; AITL5 angioimmunoblastic T-cell lym-
phoma; B-LBL5B lymphoblastic leukemia/lymphoma; FL5 follicular
lymphoma; ENKTCL5 extranodal natural killer/T-cell lymphoma;
CD81AECTCL5 cutaneous CD8-positive aggressive epidermotropic
cytotoxic T-cell lymphoma; PMBL5primary mediastinal large BCL;
BL5Burkitt lymphoma.
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Immunohistochemistry
To further characterize FAP as a target structure within lym-

phoma, we performed FAP immunohistochemistry in 22 of the
included cases. There were 4 patients with HL and 18 patients
with NHL (9 DLBCL, 2 extranodal natural killer/T-cell lym-
phoma, 1 angioimmunoblastic T-cell lymphoma, 1 mantle cell
lymphoma, 3 follicular lymphoma, 1 MALT lymphoma, and
1 chronic lymphocytic leukemia/small lymphocytic lymphoma).
The pathologic examinations showed intense FAP expression

(score, 31) in all HL lesions (4/4). For NHL, 7 of 12 aggressive
lesions scored 31 for FAP immunostaining, 4 of 5 indolent
lesions showed weak FAP expression (score, 11), and 5 of 9
DLBCL lesions overexpressed FAP (score, 31). Weak FAP
expression (score, 11) was detected in MALT lymphoma lesions.
Surprisingly, chronic lymphocytic leukemia/small lymphocytic
lymphoma lesions showed moderate FAP expression (score, 21).
Furthermore, lesions with intense FAP expression exhibited an
higher SUVmax than lesions that scored 11, and a statistically
significant correlation was unmasked between the SUVmax of
lymphoma lesions and FAP expression (b5 0.551, P, 0.001).
Figure 3 shows representative examples of the FAP immunos-
taining results.

DISCUSSION

The most crucial contribution of our study is the first visualiza-
tion of FAPs in malignant lymphoid tumors, particularly in T-cell

lymphomas. Moreover, we quantified the
accumulation of 68Ga-FAPI ligand in dif-
ferent subtypes of lymphoma lesions.
Fibroblastic reticular cells are special-

ized myofibroblasts that create the lymph
node skeleton with its conduit system (14).
Malignant cells recruit and reeducate their
surrounding cells to establish a tumor-
supportive milieu that also affects the biol-
ogy and function of fibroblastic reticular
cells. Once reprogrammed to CAFs, they
can induce extracellular matrix remodeling
(15). There is increasing evidence that
CAFs can potentially regulate tumor pro-
gression in hematologic neoplasms. Lenz
et al. (3) and Haro et al. (4) reported that
the stromal-1 gene signature was associ-
ated with good survival in patients with
DLBCL and several other BCLs. Paradox-
ically, Bankov et al. (7) and Aronovich
et al. (16) demonstrated that fibroblasts in
classic HL and mycosis fungoides pro-
moted tumor cell migration and drug resis-
tance. These conflicting results indicate
that there is still much to learn about the
biologic and clinical significance of CAFs
in different lymphoma subtypes. Thus, a
new strategy is necessary to depict
tumor–stroma interaction in lymphoma
that does not involve visualization using
morphologic or metabolic imaging.
Biologically, 68Ga-FAPI PET/CT is an

excellent imaging modality to visualize FAP
expression in the tumor stroma (10,17).

Most false-positive results occur in wound healing and inflamma-
tory or fibrosis conditions caused by the activation, proliferation,

FIGURE 2. Maximum-intensity projections, axial 68Ga-FAPI PET, and fused images (left, top
right, and bottom right, respectively, in each panel) of various extranodal sites in enrolled patients.
(A) Primary thyroid Burkitt lymphoma (arrows). (B) HL with lung involvement (arrows). (C) Primary
gastric DLBCL (arrows). (D) Ileum DLBCL (arrows). (E) Left breast DLBCL (arrows). (F) Left testicle
DLBCL (arrows). (G) Left temporal lobe DLBCL lesion (thin arrows) after left frontal lymphoma resec-
tion (thick arrow).

FIGURE 3. FAP immunohistochemistry of 6 exemplary cases of lym-
phoma. (A and B) Follicular lymphoma (A) and MALT with mild stromal
FAP expression and FAP-negative neoplastic cells (B). (C and D) Chronic
lymphocytic leukemia/small lymphocytic lymphoma (C) and DLBCL with
moderate stromal FAP expression (D). (E and F) DLBCL (E) and HL with
intense stromal FAP expression (F).
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and accumulation of fibroblasts (11). Although clinical evaluations
of 68Ga/18F-FAPI PET have been performed in a spectrum of can-
cers, there are none involving lymphomas. In our study, 72 lym-
phoma patients referred for 68Ga-FAPI PET imaging showed
FAPI-positive lesions in most subtypes of lymphoma, including
both BCLs and T-cell lymphomas, except a patient with MALT
lymphoma.
Since the origin, number, and distribution of FAP-expressing

CAFs, as well as the number of FAP molecules per cell, may
differ in tumors, we expect variations in tumor uptake and in
the intratumoral tracer distribution. HL, especially the nodular
sclerosing subtype of classic HL, is characterized by fibroblast
proliferation in the tumor microenvironment, leading to fibrotic
bands surrounding the lymphoma infiltrate. In our study, we
found intense FAP immunostaining and significantly elevated
FAPI uptake in HL lesions. Regarding NHL, there was a posi-
tive association between the clinical classification of NHL and
the 68Ga-FAPI uptake activity of the lesion in PET/CT imag-
ing. Aggressive NHL, especially DLBCL, exhibited intermedi-
ate to intense 68Ga-FAPI uptake and showed moderate to
strong FAP immunostaining. These results were consistent
with Haro and Orsulic’s findings, who reported a high propor-
tion of CAFs in B-cell lymphomas via a stromal gene signature
analysis (4). Less common aggressive NHL subtypes, such as
mantle cell lymphoma, B-lymphoblastic leukemia/lymphoma,
primary cutaneous anaplastic large-cell lymphoma, and
angioimmunoblastic T-cell lymphoma, with moderate FAP
expression (score, 21), exhibited moderate 68Ga-FAPI avid-
ities. Surprisingly, we noted that follicular lymphoma, which
showed the lowest desmoplastic reaction by histopathology,
had intermediate 68Ga-FAPI uptake (SUVmax, 6.696 3.85).
MALT lymphoma, which showed weak FAP staining, exhib-
ited mild 68Ga-FAPI uptake, as expected. However, we did not
expect that T-cell lymphoma would accumulate less 68Ga-
FAPI, even though the lesions expressed moderate to intense
FAP expression.
Because of the very low background activity for 68Ga-FAPI,

especially in the brain, liver, and peritoneal cavity, the high tumor-
to-background ratios resulted in high contrast ratios for lymphoma
lesions, particularly in the brain, liver, and oropharynx. These may
be advantageous for the detection of cerebral, hepatic, or oropha-
ryngeal involvement. As previous studies have reported, we also
easily identified a DLBCL lesion in the left temporal lobe in
our study.
Because of the limitations of this report, such as a heteroge-

neous patient collective and a low case number for some subtypes,
further studies are necessary. Furthermore, because of the lack of
follow-up, analysis of the long-term prognosis regarding disease-
free and overall survival is currently unfeasible. Therefore, larger
prospective clinical studies are needed for further evaluation.

CONCLUSION

Our study results showed that 68Ga-FAPI PET/CT is an
extremely useful technique for profiling FAP expression status in
lymphoma lesions. HL and aggressive NHL may possess more
CAFs in tumor stroma than does indolent disease.
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KEY POINTS

QUESTION: Can 68Ga-FAPI PET/CT detect FAPs in lymphoma?

PERTINENT FINDINGS: In this prospective study of 73 lym-
phoma patients, we found that 68Ga-FAPI PET/CT could be used
to profile FAP expression status in lymphoma lesions. Further-
more, HL and aggressive NHL may possess more FAPs in tumor
stroma than does indolent disease.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI imaging may
be an alternate method for characterizing lymphoma profiles.
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The purpose of this study was to assess the efficacy and safety of
177Lu-DOTATATE in patients with somatostatin receptor (SSR)–posi-
tive lung neuroendocrine tumors (NETs).Methods: This is a retrospec-
tive review of the outcome of patients with typical carcinoid (TC) and
atypical carcinoid (AC), treated with 177Lu-DOTATATE at 2 ENETS
Centers of Excellence. Morphologic imaging (RECIST 1.1) and
68Ga-DOTATATE PET/CT responses were assessed at 3 mo after
completion of 177Lu-DOTATATE. Concordance between 2
response assessment methods was evaluated by k statistics.
Progression-free survival (PFS) and overall survival (OS) were
estimated by Kaplan–Meier analysis and compared by Log-rank test.
Treatment-related adverse events (AEs) were graded based on Com-
mon Terminology Criteria for Adverse Events, version 5. Results: Of
48 patients (median age, 63 y; 13 women), 43 (90%) had AC and 5
(10%) TC. Almost all patients (47, 98%) were treated due to progres-
sion. Most patients (40, 83%) received somatostatin analogs, and 10
patients (20%) had prior everolimus, chemotherapy, or both. All
patients had high SSR expression ($ modified Krenning score 3) on
pretreatment 68Ga-DOTATATE PET/CT. Patients received a median 4
(range, 1–4) cycles of 177Lu-DOTATATE (33% with concurrent radio-
sensitizing chemotherapy) to a median cumulative activity of 27 GBq
(range, 6–43GBq). At a median follow-up of 42 mo, the median PFS
and OS were 23 mo (95% CI, 18–28 mo) and 59 mo (95% CI, 50-not
reached [NR]), respectively. Of 40 patients with RECIST-measurable
disease and 39 patients with available 68Ga-DOTATATE PET/CT,
response categories were partial response, 20% (95%CI, 10%–35%)
and 44% (95% CI, 30%–59%); stable disease, 68% (95% CI,
52%–80%) and 44% (95% CI, 30%–59%); and progressive disease,
12% (95% CI, 5%–27%) by both, respectively. There was a moderate
concordance between response categories by RECIST and 68Ga-
DOTATATE PET/CT, weighted k of 0.51 (95% CI, 0.21–0.68). Of
patients with stable disease by RECIST, those with partial response on
68Ga-DOTATATE PET/CT had a longer OS than those with no
response, NR versus 52 mo (95% CI, 28–64), hazard ratio 0.2 (95% CI,
0.1–0.6), P, 0.001. Most grade 3/4 AEs were reversible and the most
common was lymphopenia (14%) with no incidence of myelodysplasia
or leukemia. Conclusion: In patients with advanced progressive lung

NET and satisfactory SSR expression, 177Lu-DOTATATE is effective
and safewith a high disease control rate and encouraging PFS andOS.

Key Words: lung neuroendocrine tumor; bronchial carcinoid; peptide
receptor radionuclide therapy; somatostatin receptor

J Nucl Med 2022; 63:218–225
DOI: 10.2967/jnumed.120.260760

Well-differentiated lung neuroendocrine tumor (NET) or
“lung carcinoid,” classified into typical carcinoid (TC) and atypi-
cal carcinoid (AC), is a heterogeneous disease with variable clini-
cal behavior and prognosis (1). TC rarely metastasizes and
generally has a favorable prognosis, whereas AC is more likely to
be metastatic at presentation and has a worse prognosis (1).
Surgery is the treatment of choice in patients with localized dis-

ease, whereas management of inoperable locally advanced and met-
astatic disease is complex and requires a multidisciplinary approach
(1). For metastatic disease, the European Neuroendocrine Tumors
Society (ENETS) guidelines recommend the mammalian target of
rapamycin inhibitor everolimus as the first-line therapy for progres-
sive lung NET; however, in patients with tumor of a low prolifera-
tive index, a somatostatin analog (SSA) can be considered as first-
line therapy, especially when the uptake on somatostatin receptor
(SSR) imaging is strongly positive (2). In the LUNA phase 2 trial,
pasireotide (an agonist for SSR subtypes 1–3 and 5) alone or in
combination with everolimus showed evidence of activity and
safety (3). Chemotherapy is only considered in rapidly progressive
metastatic pulmonary carcinoids and when no other treatment
options are available. According to the National Comprehensive
Cancer Network guidelines, platinum-based regimens or temozolo-
mide can be used in stage IV AC with a high proliferation index (4).
Although lung NET frequently expresses SSR subtype 2 (SSR-2),

the role of SSR-2–targeted peptide receptor radionuclide therapy
(PRRT) with 177Lu DOTA-0-Tyr3-Octreotate (177Lu-DOTATATE)
remains to be determined (5). Limited retrospective studies showed
the efficacy of PRRT in lung NET, comparable to the results of
the NETTER-1 trial, reflecting the generalizability of PRRT for
any SSR-positive NET (6–8). Because of the lack of comparative
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studies, after progression on SSA the selection of the next systemic
treatment modality including everolimus, chemotherapy, or PRRT
is at the discretion of physicians and depends on the access, exper-
tise, and practice patterns of different institutions in the world.
Besides, the efficacy of 177Lu-DOTATATE in patients previously
untreated with either chemotherapy or everolimus is unclear. This
dual-center study aims to assess the safety and efficacy of patients
with lung NET who received 177Lu-DOTATATE.

MATERIALS AND METHODS

Patients
This is a retrospective review of all consecutive patients with

biopsy-proven, well-differentiated lung NET (TC or AC), who
received PRRT. Data are extracted from 2 ENETS centers of
excellence—Peter MacCallum Cancer Centre (PMCC) in Mel-
bourne, Australia, and Hadassah-Hebrew University Medical Cen-
ter (HHUMC), Jerusalem, Israel—during the period from 2006 to
2019. This series shares a single patient with the series of Lim et al.
(8). This shared patient underwent PRRT at PMCC but was coman-
aged at another institution involved in that publication. We con-
sider it valuable to include this patient’s data given the additional
response assessment analyses and longer follow-up in our series.
Eligibility criteria for 177Lu-DOTATATE therapy included positive

SSR imaging in all lesions, with either imaging progression or uncon-
trolled symptoms related to the unresectable disease. Positive 68Ga
DOTA-0-Tyr3-Octreotate (68Ga-DOTATATE) PET/CT or SSR imag-
ing was defined as lesion uptake higher than liver and subgrouped to
less than spleen or higher than spleen on the basis of tomographic
imaging (modified Krenning score 3 and 4, respectively). Further eligi-
bility criteria are listed in the supplemental materials (supplemental
materials are available at http://jnm.snmjournals.org).
This study was conducted after receiving approval from the

institutional ethics committee at the PMCC (Peter Mac project no.
19/214R) and the HHUMC (approval no. 0072-16). Details of
access to PRRT at respective institutions are summarized in the
supplemental materials.

Therapy
Each cycle of 177Lu-DOTATATE was administered with

premedication granisetron (2 mg), dexamethasone (8mg), and
renoprotective amino-acid infusion (25 g lysine and 25 g argi-
nine in 1 L of normal saline) commencing 30 min before 177Lu-
DOTATATE and continuing for 3 h thereafter (9). Dexamethasone
was used as an antiemetic medication per institutional protocol
only at PMCC. The treatment regimen typically included up to 4
cycles of 177Lu-DOTATATE given 6–10 wk apart. At PMCC,
177Lu-DOTATATE was usually given with radiosensitizing che-
motherapy unless contraindicated, based on prior experiences
showing enhanced efficacy without additional toxicity (10–12).
Further details of radiosensitizing chemotherapy are described in
the supplemental materials. Patients at HHUMC did not receive
concurrent chemotherapy.

Follow-up
Patients were clinically reviewed before, and after, each cycle of

177Lu-DOTATATE and typically at 3 mo after the last cycle of
treatment. Evaluation at 3 mo included assessment of symptoms;
laboratory tests including full blood counts, renal function, hepatic
function, and serum chromogranin A (supplemental materials); and
imaging by CT or 68Ga-DOTATATE PET/CT with or without 18F-
FDG PET/CT. Ongoing follow-up occurred at intervals of 3 to 6
mo. CT response was defined by RECIST 1.1 (13). Where avail-
able, contrast-enhanced CT images were directly compared. Other-
wise, nonenhanced CT from the PET/CT component of the study
was assessed, using 68Ga-DOTATATE uptake as a guide to follow
the dominant lesions. RECIST response was used to define the
main outcomes and 68Ga-DOTATATE PET/CT and 18F-FDG PET
response were used for exploratory outcome measures. Response
assessments were performed blinded to the patient outcome.
A descriptor for pathologic uptake on 68Ga-DOTATATE

PET/CT was adapted from a semiquantitative visual scoring system
originally designed for planar 111In octreotide imaging known as
the Krenning score. Scores were from 0 to 4 as follows: 0 5 no
uptake; 1 5 uptake , liver; 2 5 lesion uptake similar to liver;

TABLE 1
68Ga-DOTATATE PET/CT Response Criteria

Response category Description

Complete response Disappearance of all tracer-avid lesions
or
If residual anatomic abnormality on CT with tracer uptake indistinguishable or less than

background physiologic uptake

Partial response Reduction in intensity of uptake by one modified Krenning score* in at least 1 tumor site
associated with decrease/stable in size on CT (if measurable) or PET (if nonmeasurable on CT)

or
Reduction in size of tracer-avid lesions on CT (if measurable) regardless of intensity of uptake

Stable disease Not partial response or progressive disease

Progressive disease Development of new tracer-avid lesions
or
Increase in the size of the tracer-avid lesions on CT (if measurable) or on PET (if nonmeasurable

on CT) regardless of intensity of uptake†

*Modified Krenning score, 0 5 no uptake; 1 5 uptake , liver; 2 5 lesion uptake similar to liver; 3 5 uptake . liver but , spleen;
4 5 uptake $ spleen.

†Rarely an increase in the size of the lesion can be seen in responsive lesions. This may be associated with an increase in central
hypodensity/necrosis on CT and a decrease in peripheral tracer uptake on PET. In this circumstance, a confirmatory follow-up study or
correlation with other imaging modalities may be required.
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3 5 uptake . liver and , spleen; 4 5 uptake $ spleen (14).
Response by 68Ga-DOTATATE PET/CT is described in Table 1.
In patients who underwent baseline 18F-FDG PET/CT, positive

lesion was defined as uptake above the liver, and metabolic
responses were assessed on the 18F-FDG PET images qualitatively
according to the PMCC criteria (supplemental materials) (15,16).
Time to next treatment has been included to capture the timing

of the next treatment from start of 177Lu-DOTATATE. All hema-
tologic and renal toxicities occurring from the time of the first 177Lu-
DOTATATE administration were recorded and defined according to
the Common Terminology Criteria for Adverse Events (CTCAE; ver-
sion 5.0).

Statistical Analysis
The continuous variables are summarized using the median

(interquartile range [IQR] or range), and categoric variables are
summarized using basic proportions. The concordance between
RECIST and 68Ga-DOTATATE PET/CT response was assessed
by Cohen’s k statistics. Fisher’s exact was used to evaluate the
difference between response rates in different groups. Progression-
free survival (PFS) was calculated from the start of 177Lu-DOTA-
TATE to clinical or imaging progression, new oncologic treat-
ment, or death. Overall survival (OS) was recorded as the duration
from the start of 177Lu-DOTATATE to last follow-up or death.
The patients who were alive at the last follow-up were censored
on that date. The cutoff follow-up date was August 31, 2019. The
Log-rank test and Cox regression model were used to compare
survival of different groups. A Kaplan–Meier curve was used to
depict the survival. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software).

RESULTS

Patient Characteristics
Of 51 consecutive patients with lung NET (22 from PMCC and

29 from HHUMC), 3 patients were removed from the analysis as
they received at least 1 cycle of 90Y-DOTATATE. Forty-eight
patients were included for final analysis, including 43 (90%) with
AC and 5 (10%) with TC. The median Ki-67 of the entire popula-
tion was 10% (range, 1%–30%), and most patients (90%) had met-
astatic disease in the liver, bone, or multiorgan involvement. Most
patients (83%) received SSAs, and 10 (20%) had prior everolimus,
chemotherapy, or both. Almost all patients (47/48, 98%) were
treated due to radiographic disease progression and 1 patient for
uncontrolled symptoms (back pain correlated to sites of osseous
metastasis). Most (94%) demonstrated high avidity on SSR imag-
ing, with a Krenning score of 4. Of 25 patients who underwent
baseline 18F-FDG PET/CT, 16 (64%) had concurrent 18F-FDG–a-
vid disease (Table 2). The median cumulative activity of 177Lu-
DOTATATE was 27.4 GBq (range, 7.1–43.4 GBq) administered
over a median of 4 cycles (range, 1–4). Sixteen patients (33%) had
radiosensitizing chemotherapy (5FU or capecitabine with or with-
out temozolomide) (Table 3).

Imaging Response
Of 40 patients with RECIST-measurable disease at 3 mo,

8 patients (20%; 95% CI, 10%–35%) had partial response and 27
patients (68%; 95% CI, 52%–80%) had stable disease resulting in
a disease control rate (DCR) of 88% (95% CI, 73%–95%). Five
patients (12%; 95% CI, 5–27) had progressive disease (Fig. 1).
Five patients were lost to follow-up, 1 died early, and 2 had no
available follow-up CT data (Supplemental Table1).

Of 39 patients with available 68Ga-DOTATATE PET/CT at 3
mo, 17 patients (44%; 95% CI, 30%–59%) had partial response
and 17 patients (44%; 95% CI, 30%–59%) had stable disease with
a DCR of 88% (95% CI, 73%–95%) (Table 4 and Fig. 2). Five of
those 39 patients (12%; 95% CI, 5%–27%) had progressive dis-
ease. Of the 9 patients with no available 68Ga-DOTATATE PET/
CT, 5 were lost to follow-up, 1 died, and 3 had Octreoscan as their
posttreatment molecular imaging. In 39 patients with both RECIST-
assessable disease and available 68Ga-DOTATATE PET/CT results,
only a moderate concordance in response categories of the
2 modalities was noted, weighted k of 0.51 (95% CI, 0.21–0.68).

TABLE 2
Patient Characteristics

Characteristic Number (%)

Sex, male:female 35:13 (73:27)

Median age (y) 63 (range,
25–84)

Type

Typical carcinoid 5 (10)

Atypical carcinoid 43 (90)

Ki-67

#2% 3 (6)

3%–20% 34 (71)

.20% 3 (6)

Unknown 8 (17)

Dominant site of disease

Local/locoregional 5 (10)

Liver 10 (21)

Bone 3 (6)

Multiorgan 30 (63)

SSR expression by 68Ga-DOTATATE (modified Krenning
score)

Score 3 3 (6)

Score 4 45 (94)

Baseline 18F-FDG PE/CT

No uptake 3 (6)

#liver 6 (12)

.liver 16 (33)

Not available 23 (48)

Prior treatments

SSA 40 (83)

Surgery 25 (52)

Chemotherapy 5 (10)

Everolimus 3 (6)

Everolimus and chemotherapy 2 (4)

Radiotherapy 2 (4)

Liver-directed therapy 2 (4)

None 1 (2)

Data in parentheses are percentages, unless otherwise noted.
SSR 5 somatostatin receptor; SSA 5 somatostatin analog.
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Most patients with partial response or progressive disease by
RECIST were also categorized similarly by 68Ga-DOTATATE
PET/CT, 4 of 5 (80%) and 7 of 8 (87%) patients, respectively. The
discordant response categories were noted in stable disease by
RECIST: in this category, 10 of 26 patients were classified as

partial response and 1 patient as progressive disease by 68Ga-
DOTATATE PET/CT due to the development of new avid lesions.
Follow-up 18F-FDG PET/CT was available in 12 of 48 patients.

Although RECIST and 18F-FDG PET/CT responses were in agree-
ment in most cases, 3 cases with stable disease by RECIST were
grouped as partial response by 18F-FDG PET/CT.
In 30 patients from the AC cohort, although the rate of partial

response was numerically higher in patients with a Ki-67 of .10%
than in those with a Ki-67 of#10%, the difference did not reach sta-
tistical significance (36% and 16%, respectively; P5 0.4). Similarly,
there was no significant difference in the rate of partial response in
patients who received radiosensitizing chemotherapy, although a
trend toward higher response rate was noted (36% and 12%, respec-
tively; P5 0.1).

Survival Outcome
At a median follow-up of 42 mo, there were 16 (33%) deaths.

The median PFS and OS of the entire cohort were 23 mo (95%
CI, 18–28 mo) and 59 mo (95% CI, 50-not reached [NR]), respec-
tively (Figs. 3A and 3B). The OS was not significantly different
between the 2 institutions. The OS of the AC patients with Ki-67
# 10% versus Ki-67 .10% and patients who received radiosensi-
tizing chemotherapy versus those who did not receive chemother-
apy were not significantly different (P5 0.7 and 0.4, respectively)
(Supplemental Figs. 1A and 1B).
Of patients with stable disease by RECIST, those with partial

response on 68Ga-DOTATATE PET/CT had longer OS than those
with no response (NR vs. 52 mo [95% CI, 28–65]; hazard ratio,
0.2 [95% CI, 0.1–0.6]; P, 0.001) (Fig. 4). Baseline 18F-FDG
PET/CT–positive disease (available for 25/48 patients) and follow-
up 18F-FDG PET/CT response (available for 12/48 patients) did
not correlate with OS (P5 0.2 and 0.3, respectively).
During follow-up, 27 patients received further treatment. The

median time to next treatment was 23 mo (range, 7–56). Fifteen
patients received further PRRT, and 12 patients received other treat-
ments, including everolimus (n5 4), liver-directed therapy (n5 3),

or change or increase in the dosage of SSA
(n5 3) or chemotherapy (n5 2). One patient
who did show progressive disease at 3mo
after PRRT received no treatment but did not
show any further progression up to 24mo,
possibly indicating pseudoprogression.

Toxicity
177Lu-DOTATATE was well tolerated

with acceptable toxicity, and most CTCAE
grade 3/4 hematologic toxicity during treat-
ment reversed to CTCAE grade 1/2 or
baseline (Table 5). The most common
hematologic toxicity included thrombocyto-
penia and lymphopenia. There was no inci-
dence of myelodysplasia/leukemia or renal
toxicity on long-term follow-up.

DISCUSSION

PRRT is an effective treatment option for
patients with advanced gastroenteropancre-
atic NET, with sufficient SSR expression
after progression on SSA (4,7). We have
recently reported that only a proportion of
lung NET expresses SSR at sufficient levels

TABLE 3
Treatment Parameters

Parameter Number

Indication of 177Lu-DOTATATE
(n 5 48)

Disease progression 47

Uncontrolled symptoms 1

No. of cycles

1 3

2 6

3 13

4 26

Cumulative 177Lu-DOTATATE
activity in GBq

27 (range, 6–43)

Radiosensitizing chemotherapy
(n 5 16)

1 cycle 3

2 cycles 3

3 cycles 4

4 cycles 6

Chemotherapy regimen

5FU 4

Capecitabine 8

Combined capecitabine and
temozolomide

4

FIGURE 1. Waterfall plot of RECIST response at 3 mo after completion of PRRT. SOT lesions 5

sum of target lesions diameters.
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to potentially benefit from PRRT (17). Although lung NETs were not
included in the NETTER-1 trial, limited clinical studies have shown
promising results (6,7). By pooling the patients from 2 ENETs cen-
ters of excellence, we have shown that 177Lu-DOTATATE is an
effective and safe treatment modality in lung NETs with high SSR
expression after progression on SSA with a radiographic response of
20%, DCR of 88%, and favorable median PFS and OS of 23 and 59
mo, respectively. These results are largely consistent with those of
previous studies, indicating the efficacy of this treatment (Supplemen-
tal Table 2) (8,18–27).
Effective treatment options for advanced progressive lung NET

are limited, with no available data to guide the sequencing of ther-
apy. Furthermore, the limited patient tolerability remains of seri-
ous consideration when deciding on further lines of treatment with
the aim of preserving the quality of life. In the subcohort of 90
patients with lung NET in the RADIANT 4 trial, in 57 patients
randomized to the everolimus arm a 50% reduction in risk of dis-
ease progression or death was reported compared with placebo
(28). Although 58% of the patients achieved any tumor shrinkage,
only 2% were evaluated as partial response by RECIST. The
median PFS was 9.2mo (95% CI, 6.8–10.9), with a 5.6-mo
improvement compared with placebo (28). The phase II LUNA
trial involving 112 patients, the majority with lung NET, supported
the efficacy of pasireotide, everolimus, or their combination, with
a radiographic DCR at 9 mo of 39%, 33%, and 58%, respectively
(3). In line with the RADIANT-4 trial, the rate of partial response
in the LUNA trial was 2% in all 3 groups. Adverse events (AEs)
requiring dose adjustment or interruption were reported in 24%,
52%, and 61% of patients in the pasireotide, everolimus, and the
combination arm, respectively (3). Chemotherapy remains an
option as palliative therapy in lung NET, with a combination of vari-
ous chemotherapeutic drugs showing a,30% objective response and
median OS of 24.3mo in a small retrospective series (29). Although
PRRT is usually considered after progression on everolimus or

chemotherapy, most patients (80%) in this study were untreated with
either of those treatments. Although our result cannot be compared
with prior trials or extrapolated to all patients with lung NET, the
stringent patient selection based on sufficient SSR expression on
pretreatment scanning remains a major advantage of this targeted
treatment. Furthermore, attention to tumor heterogeneity of SSR
expression is important as we have recently shown that up to 50%
of patients with lung NET may demonstrate inter- and intrapatient
heterogeneity on dual imaging by 68Ga-DOTATATE and 18F-FDG
PET/CT (17).
PRRT has also shown an acceptable safety profile, with largely

reversible short-term and limited long-term treatment-related AEs,
with no cases of myelodysplasia or renal toxicity in our cohort,
which is consistent with other studies (18–21). In a study by Sabet
et al., grade 3 hematotoxicity was reported in 13.6% of patients at
3–10 wk after at least 1 cycle of PRRT with no grade 3 or higher
nephrotoxicity (19). Mariniello et al. reported a ,5% hematotox-
icity after 90Y-DOTATOC and no hematologic or renal AEs after
177Lu-DOTATATE (21). In an Australian multicenter study, Lim
et al. reported 2 of 48 (4%) patients with acute myeloid leukemia
after PRRT; 1 patient was heavily pretreated including alkylating
chemotherapy and the other patient was treated with SSA only (8).
Although previous studies and clinical trials have typically used

CT or MRI for response assessment, it appears that the outcome
of the patients with NET may not be adequately captured by
RECIST 1.1 alone (19–22,26,27,30). In addition to standard
RECIST, by combining the functional information provided by
PET and morphologic change by CT, we also explored the use of
68Ga-DOTATATE PET/CT for response assessment and found a
moderate concordance between 2 modalities. Interestingly, the
response by 68Ga-DOTATATE PET/CT further stratified the OS
of the patients who were otherwise grouped as stable disease by
RECIST (Fig. 4). Such patients constituted almost two thirds of
our cohort. The recent update on appropriate-use criteria indicated

TABLE 4
Response to Treatment

Modality Response Number (% [95% CI]*)

CT-RECIST Complete response 0

Partial response 8/40 (20 [10–35])

Stable disease 27/40 (67.5 [52–80])

Progressive disease 5/40 (12.5 [5–27])

Not available 8
68Ga-DOTATATE PET/CT Complete response 0

Partial response 17/39 (43.5 [30–59])

Stable disease 17/39 (43.5 [30–59])

Progressive disease 5/39 (13 [5–27])

Not available 9
18F-FDG PET/CT Complete response 0

Partial response 5/12 (42)

Stable disease 3/12 (25)

Progressive disease 4/12 (33)

Not available 36

*Not calculated for the sample sizes of ,30.

222 THE JOURNAL OF NUCLEAR MEDICINE ( Vol. 63 ( No. 2 ( February 2022



the use of SSR PET as appropriate for restaging after completion
of PRRT(31). On the basis of our experience, response should
include the disappearance or significant reduction of 68Ga-DOTA-
TATE avidity such as a decline in the Krenning score of the

known lesions without structural progression on CT or MRI. The
response monitoring of nonmeasurable lesions such as osseous
disease is also another advantage of SSR PET/CT. However, the
exact role of 68Ga-DOTATATE PET/CT in response monitoring
remains to be determined without currently established or vali-
dated criteria but warrants further evaluation.
The retrospective methodology of this study imposes some limi-

tations, including potential selection bias, which we hope has been
mitigated by combining the patients from the 2 institutions.
Despite a relatively long follow-up time, death occurred only in
around one third of patients, limiting the statistical power to
robustly evaluate the prognostic implications of multiple clinical
and imaging factors. In addition, the relatively low number of
patients included further restricted the strength of statistical infer-
ence and precluded multivariate analysis. The use of different
treatment protocols between the sites is also another limitation.
For instance, dexamethasone was used as an antiemetic, and most
patients at PMCC also received concurrent radiosensitizing che-
motherapy. However, use of different procedures appears not to
have had a major impact on outcomes, with comparable survival
demonstrated at both centers. Lastly, 10% of patients had only
locoregional disease, which may have better outcomes compared
with those with bone, liver, or multiorgan involvement. We did
not remove these patients from the analysis as this may have fur-
ther reduced the statistical power of this study.

CONCLUSION

In patients with advanced progressive lung NET and satisfac-
tory SSR expression, 177Lu-DOTATATE is effective and safe,
with a high DCR and encouraging PFS and OS. Further prospec-
tive studies comparing 177Lu-DOTATATE with other systemic
options are warranted.
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FIGURE 2. A representative patient with metastatic atypical lung carci-
noid with partial response on 68Ga-DOTATATE PET/CT and CT at 3 mo
after PRRT. Maximum-intensity-projection PET (top), PET/CT (middle),
and CT (bottom) at baseline (A) and 3-mo follow-up (B) show marked
response to treatment in liver (brackets), bones (arrowheads), and lymph
nodes (arrows).

FIGURE 3. Kaplan–Meier plot depiction of OS (A) and PFA (B) of entire
cohort.

FIGURE 4. Of the patients with stable disease by RECIST, those with
partial response (PR) on 68Ga-DOTATATE PET/CT had longer OS than
nonresponders (non-PR) on 68Ga-DOTATATE PET/CT, as demonstrated
by Kaplan–Meier plot.
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KEY POINTS

QUESTION: What is the role of 177Lu-DOTATATE in patients with
SSR-positive metastatic lung NET?

PERTINENT FINDINGS: In this retrospective study of 48
patients from 2 ENETS centers of excellence, 177Lu-DOTA-
TATE was safe and achieved a high disease control rate, with
an objective response in one fifth of patients. In patients who
achieved stable disease by RECIST at 3 mo after completion
of 177Lu-DOTATATE, the response by 68Ga-DOTATATE PET/
CT may have prognostic implication.

IMPLICATIONS FOR PATIENT CARE: In patients with
advanced progressive lung NET and satisfactory SSR expres-
sion, 177Lu-DOTATATE should be considered as an early effec-
tive and safe treatment modality.
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We aimed to systematically determine the impact of tumor burden on
68Ga-prostate-specific membrane antigen-11 (68Ga-PSMA) PET bio-
distribution by the use of quantitative measurements. Methods: This
international multicenter, retrospective analysis included 406 men
with prostate cancer who underwent 68Ga-PSMA PET/CT. Of these,
356 had positive findings and were stratified by quintiles into a very
low (quintile 1, #25cm3), low (quintile 2, 25–189cm3), moderate
(quintile 3, 189–532cm3), high (quintile 4, 532–1,355cm3), or very high
(quintile 5, $1,355cm3) total PSMA-positive tumor volume (PSMA-
VOL). PSMA-VOL was obtained by semiautomatic segmentation of
total tumor lesions using qPSMA software. Fifty prostate cancer
patients with no PSMA-positive lesions (negative scan) served as a
control group. Normal organs, which included salivary glands, liver,
spleen, and kidneys, were semiautomatically segmented using
68Ga-PSMA PET images, and SUVmean was obtained. Correlations
between the SUVmean of normal organs and PSMA-VOL as continu-
ous and categoric variables by quintiles were evaluated. Results: The
median PSMA-VOL was 302cm3 (interquartile range [IQR],
47–1,076cm3). The median SUVmean of salivary glands, kidneys, liver,
and spleen was 10.0 (IQR, 7.7–11.8), 26.0 (IQR, 20.0–33.4), 3.7 (IQR,
3.0–4.7), and 5.3 (IQR, 4.0–7.2), respectively. PSMA-VOL showed a
moderate negative correlation with the SUVmean of the salivary glands
(r520.44, P, 0.001), kidneys (r520.34, P,0.001), and liver
(r520.30, P, 0.001) and a weak negative correlation with the spleen
SUVmean (r520.16, P50.002). Patients with a very high PSMA-VOL
(quintile 5, $1,355cm3) had a significantly lower PSMA uptake in the
salivary glands, kidneys, liver, and spleen than did the control group,
with an average difference of 238.1%, 240.0%, 243.2%, and
234.9%, respectively (P, 0.001). Conclusion: Tumor sequestration
affects 68Ga-PSMA biodistribution in normal organs. Patients with
a very high tumor load showed a significantly lower uptake of
68Ga-PSMA in normal organs, confirming a tumor sink effect. As simi-
lar effects might occur with PSMA-targeted radioligand therapy, these

patients might benefit from increased therapeutic activity without
exceeding the radiation dose limit for organs at risk.

Key Words: PET; tumor sink effect; prostate cancer; PSMA;
Ga-PSMA; radioligand therapy
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The biodistribution of radiolabeled prostate-specific membrane
antigen (PSMA) ligands in prostate cancer patients reflects a com-
plex interaction between tracer uptake, retention, and excretion in
pathologic and normal tissues. Accumulation of PSMA ligands is
also observed in nontumoral tissues, such as liver, spleen, kidneys
and salivary glands, which have been shown to exhibit a high vari-
ability in tracer uptake (1). In clinical practice, it is observed that
the relative accumulation of PSMA ligands in normal tissue is
inversely related to the PSMA-positive tumor burden. This phe-
nomenon is commonly referred to as the tumor sink effect, in
which high tracer uptake in extensive tumor masses reduces tracer
accumulation in normal tissues (2–4).
PSMA-targeted radioligand therapy with 177Lu (177Lu-PSMA-

RLT) demonstrated positive results in phase II trials of men with
metastatic castration-resistant prostate cancer (5–7) and is cur-
rently being investigated in the metastatic hormone-sensitive pros-
tate cancer setting (8). If confirmed, a tumor sink effect might
have implications for 177Lu-PSMA-RLT by providing the ratio-
nale for individual adaptation of therapeutic dosages to the patient
tumor load (9). Patients with a high tumor load might benefit from
a higher injected activity per cycle without exceeding radiation
dose limit in organs at risk, particularly the salivary glands and the
kidneys, which are considered dose-limiting organs (10).
Besides their therapeutic use, PSMA ligands have also been

applied for diagnostic purposes using tumor-specific whole-
body PET imaging (e.g., 68Ga-PSMA-11 [68Ga-PSMA]) (11).
68Ga-PSMA PET imaging provides reliable estimates of the bio-
distribution of therapeutic PSMA ligands (12). Several reports
have previously investigated the sink effect in PSMA-targeted
PET; however, the data reported are contradictory (13,14).

Received Jan. 4, 2021; revision accepted May 4, 2021.
For correspondence or reprints, contact Andrei Gafita (agafita@mednet.

ucla.edu).
*Contributed equally to this work.
Guest editor: Todd Peterson, Vanderbilt University
Published online May 28, 2021.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

226 THE JOURNAL OF NUCLEAR MEDICINE ( Vol. 63 ( No. 2 ( February 2022



To address this question, we aimed here to quantify the effect
of tumor burden on 68Ga-PSMA PET organ biodistribution by the
use of quantitative measurements. We hypothesized that the tumor
sequestration of the injected radiopharmaceutical in patients with a
high disease burden leads to a significant decrease in uptake in
nontumoral tissue.

MATERIALS AND METHODS

Study Design and Patient Population
Data of men with histologically proven prostate cancer who under-

went 68Ga-PSMA PET imaging at 6 institutions were screened retro-
spectively. This international multicenter study was designed to
include patients with both PSMA-positive and PSMA-negative PET
scans. First, 2 preestablished databases of patients with known meta-
static disease on 68Ga-PSMA PET were screened: the first was a data-
set of men with metastatic hormone-sensitive prostate cancer who
received 68Ga-PSMA PET in the setting of initial staging or biochemi-
cal recurrence (n5 100), and the second was a dataset of men
with metastatic castration-resistant prostate cancer who received
68Ga-PSMA PET before initiation of 177Lu-PSMA-RLT (15,16)
(n5 285). Next, 50 men with biochemical recurrence after definitive
treatment of prostate cancer who had no tumor lesions on 68Ga-PSMA
PET were randomly selected from the institution database (17) to
serve as a control group. The flowchart of this study is displayed in
Figure 1. Inclusion criteria were imaging with 68Ga-PSMA PET/CT
and data evaluable by the segmentation software. Patients who under-
went 18F-labeled PSMA PET/CT or PSMA-targeted PET/MRI were
excluded.

Of 435 screened men with prostate cancer, 406 were eligible and
were included in the study. Overall, 162 (40%) patients underwent the
scan in a prospective setting (NCT02940262, NCT03042312, and
ACTRN12615000912583), whereas 244 (60%) underwent the scan
under compassionate-access programs. In a subanalysis, we identified
20 patients from the metastatic castration-resistant prostate cancer
cohort who had a high disease burden on the baseline 68Ga-PSMA
PET at the initiation of 177Lu-PSMA-RLT and received a follow-up
scan after 2 treatment cycles, as previously described (Fig. 1) (18).

All scans were performed between October 2014 and August 2019.
All patients gave written consent to undergo a clinical 68Ga-PSMA

PET scan. The need for study-specific consent was waived by the
Ethics Committee.

Outcomes
The primary objective of this study was to determine the impact of

total tumor burden on 68Ga-PSMA uptake in normal organs on PET
imaging. On the basis of reproducibility data that showed a normal
variability of up to 30% between 2 SUV measurements of normal
organs (19,20), the tumor sink effect was a priori defined as a 30% or
greater decline in 68Ga-PSMA uptake in normal organs, compared
with the control group.

The secondary objective was to determine the impact of changes in
tumor volume on normal-organ 68Ga-PSMA uptake and the appear-
ance of new lesions on the interim PET scan after 2 cycles of
177Lu-PSMA-RLT. Patients were stratified into responders versus non-
responders to 177Lu-PSMA-RLT on the basis of a PSMA tumor
volume decline of 30% on the interim PET scan, as previously
described (18).

Imaging Protocol
Patients received an average (6SD) of 1556 53MBq of

68Ga-PSMA-HBED-CC (PSMA-11) via complete intravenous injec-
tion. Image acquisition was started after an average of 646 17min
after injection. Static, whole-body images were used (mid thighs to
skull vertex). All scans were corrected for decay, scatter, and random
coincidences. Data from the CT scan were used for attenuation correc-
tion. Images were acquired using GE Healthcare Discovery 710
(n5 50), Siemens Biograph mCT (n5 244), Siemens Biograph 64
(n5 92), and Siemens Biograph 16 (n5 20) scanners. All images
were obtained in accordance with the 68Ga-PSMA PET joint guideline
of the European Association of Nuclear Medicine and the Society of
Nuclear Medicine and Molecular Imaging, ensuring harmonized quan-
tification (21). Standard vendor-provided image reconstructions were
used. The applied reconstruction parameters are summarized in Sup-
plemental Table 1 (supplemental materials are available at http://jnm.
snmjournals.org).

Image Analyses
Tumor segmentation was performed centrally by a nuclear medicine

physician using qPSMA software (22) to obtain total PSMA-positive
tumor volume (PSMA-VOL). PSMA-VOL was categorized into 5
groups based on quintiles: very low (quintile 1: #20th percentile), low
(quintile 2: 20th–40th percentiles), moderate (quintile 3: 40th–60th
percentiles), high (quintile 4: 60th–80th percentiles), and very high
(quintile 5: $80th percentile). Organs that typically exhibit moderate
to high PSMA-ligand uptake were assessed: salivary glands, kidneys,
liver, and spleen (23). The entire volume of each normal organ was
segmented automatically using an in-house algorithm. The annotations
obtained using the automatic algorithm were reviewed by a nuclear
medicine physician using PET images and adjusted manually when
necessary. SUVmean and SUVmax not corrected for lean body mass or
body surface area were obtained to measure 68Ga-PSMA uptake in
normal organs. The liver was not analyzed in patients with PSMA-
positive liver metastases. Salivary glands not entirely included in the
PET field of view were excluded from the analysis.

Statistical Analyses
Values were reported as mean6SD or median and interquartile

range (IQR). Correlations between PSMA-VOL and normal-organ
tracer uptake were evaluated using the Spearman correlation coeffi-
cient (r) with a 2-tailed test for significance. Kruskal–Wallis testing
was performed to compare the degree of 68Ga-PSMA uptake in nor-
mal organs among the 6 tumor-burden groups (control, very low, low,
moderate, high, and very high). Differences among groups were tested

FIGURE 1. Study flowchart. mCRPC5metastatic castration-resistant
prostate cancer; mHSPC5metastatic hormone-sensitive prostate cancer;
Q5quintile.
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for significance against no difference. A P value of 0.05 or less was
considered statistically significant. The P values were not adjusted for
multiple testing. Analyses were performed using SPSS Statistics, ver-
sion 26.0 (IBM Corp.), and R Statistics (version 3.4.0).

RESULTS

Population characteristics are summarized in Table 1. Liver
uptake was not analyzed in 40 patients because of PSMA-positive
liver metastases. The salivary glands of 2 patients could not be
delineated and were excluded from the analysis.

Tumor Volume and Organ SUV Measurements
The median SUVmean of salivary glands, kidneys, liver, and

spleen was 10.0 (IQR, 7.7–11.8), 26.0 (IQR, 20.0–33.4), 3.7 (IQR,
3.0–4.7), and 5.3 (IQR, 4.0–7.2), respectively (Fig. 2), whereas
the median SUVmax was 21.3 (IQR, 16.9–27.0), 51.8 (IQR,
37.8–67.9), 9.7 (IQR, 7.8–11.8), and 10.1 (IQR, 8.0–12.8), respec-
tively (Supplemental Fig. 1). The median PSMA-VOL was
302 cm3 (IQR, 47–1,076 cm3). The 20th, 40th, 60th, and 80th per-
centile of PSMA-VOL was 25, 189, 532, and 1,355 cm3, respec-
tively. The median PSMA-VOL in the very low (n5 71), low
(n5 71), moderate (n5 71), high (n5 72), and very high (n5 71)
groups was 5 cm3 (IQR, 2–11 cm3), 76 cm3 (IQR, 46–123 cm3),
302 cm3 (IQR, 235–387 cm3), 899 cm3 (IQR, 685–1,078 cm3), and
2,336 cm3 (IQR, 1,852–3,080 cm3), respectively. Examples of
68Ga-PSMA PET studies for each tumor volume group are pre-
sented in Figure 3.

Correlations of Tumor Volume with Normal-Organ Uptake
PSMA-VOL showed a statistically significant moderate nega-

tive correlation with the SUVmean of salivary glands (r520.44,
P, 0.001), kidneys (r520.34, P, 0.001), and liver (r520.30,
P, 0.001) and a statistically significant weak negative correlation

with spleen SUVmean (r520.16, P5 0.002). PSMA-VOL
showed a statistically significant moderate negative correlation
with the SUVmax of salivary glands (r520.35, P, 0.001) and a
statistically significant weak negative correlation with kidneys
(r520.26, P, 0.001), liver (r520.23, P, 0.001), and spleen
SUVmax (r520.19, P, 0.001).

Normal-Organ Uptake Stratified by Tumor Volume Groups
The absolute values and differences in SUVs of normal organs

in the very low, low, moderate, high, and very high PSMA-VOL
groups compared with the control group are given in Table 2,
Figure 4, and Supplemental Figure 2. In general, a higher PSMA-
VOL was associated with lower 68Ga-PSMA uptake in normal organs.
The SUVmean of salivary glands, kidneys, liver, and spleen

was significantly lower in patients with a very high PSMA-VOL

TABLE 1
Characteristics of Patients

Characteristics Control (n 5 50) mHSPC (n 5 81) mCRPC (n 5 275)

Age (y) 71 (69–74) 69 (63–72) 72 (66–76)

Weight (kg) 86 (80–99) 81 (75–92) 80 (72–92)

Injected activity (MBq) 185 (183–196) 128 (96–153) 155 (112–195)

Acquisition time (min) 60 (55–66) 65 (59–82) 60 (53–67)

PSA (ng/mL)* 0.4 (0.2–0.8) 4.0 (1–11) 130 (37–431)

PSMA-VOL (cm3) 0 7 (2–37) 563 (194–1,358)

Site of disease on PSMA-PET

Bone 0 70 (86%) 256 (93%)

Lymph nodes 0 34 (42%) 202 (74%)

Bone 1 lymph nodes 0 27 (33%) 183 (67%)

Viscera† 0 10 (12%) 82 (30%)

Bone 1 lymph nodes 1 viscera 0 1 (1%) 59 (22%)

*Data missing for 10 patients.
†Viscera include lung, liver, rectum, pancreas, peritoneal, brain and adrenal.
mHSPC 5 metastatic hormone-sensitive prostate cancer; mCRPC 5 metastatic castration-resistant prostate cancer; PSA 5 prostate-

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

FIGURE 2. SUVmean of normal organs. Horizontal lines represent median
value.
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than in the control group (P, 0.001), with an average difference
of 238.1% (95% CI, 247.8%, 229.7%), 240.0% (95% CI,
250.3%, 231.1%), 243.2% (95% CI, 255.6%, 230.8%), and
234.9% (95% CI, 249.8%, 221.3%), respectively.
The SUVmax of salivary glands, kidneys, and liver was signifi-

cantly lower in patients with a very high PSMA-VOL than in the
control group (P, 0.05), with an average difference of 226.6%
(95% CI, 238.9%, 215.1%), 228.4% (95% CI, 239.4%,
218.0%), and 217.9% (95% CI, 230.0%, 24.2%), respectively.

Changes in Tumor Volume and Normal Uptake
Of 20 patients included in this analysis, 10 (50%) were respond-

ers achieving a PSMA-VOL decline of at least 30% on the interim
scan relative to baseline. The average change in PSMA-VOL in
responders was 247.0% (95% CI, 255.7%, 238.4%), whereas in
nonresponders it was 16.3% (95% CI, 214.4%, 126.9%). The
average difference in SUVmean of salivary glands, liver, kidneys
and spleen in responders was 161.1% (95% CI, 23.5%,
1125.7%; P5 0.06), 133.4% (95% CI, 217.2%, 183.9%;
P5 0.17), 174.0% (95% CI, 18.7%, 1139.2%; P5 0.03), and
161.8% (95% CI, 121.4%, 1102.2%; P5 0.007), respectively. In
nonresponders, the average change in salivary glands, kidneys, liver
and spleen was 22.5% (95% CI, 215.3%, 110.3%; P5 0.67),
110.7% (95% CI, 26.1%, 128.3%; P5 0.07), 112.1% (95% CI,
26.1%, 130.3%; P5 0.16), and 123.8% (95% CI, 218.9%,
166.5%; P5 0.24), respectively. Individual changes in PSMA-
VOL, SUVmean, and SUVmax for normal organs in 68Ga-PSMA
PET are given in Supplemental Table 2. The appearance of new
PSMA-positive lesions on interim scans was observed in 1 (10%)
responder and 7 (70%) nonresponders.

DISCUSSION

In this multicenter retrospective analysis, patients with a high
tumor burden demonstrated significantly lower normal-organ
uptake on 68Ga-PSMA PET. Our primary endpoint of an SUV dif-
ference numerically greater than 30% in salivary glands and kid-
neys compared with the control group was met in patients with a
very high tumor volume ($1,355 cm3).
Controversial results on the tumor sink effect in PSMA-targeted

PET have been reported. Gaertner et al. (13) found a decline of
36%–43%, 45%, 25%, and 19% of 68Ga-PSMA uptake in salivary
glands, kidneys, liver, and spleen, respectively, in metastatic
castration-resistant prostate cancer patients who were classified

visually as having a high PSMA-positive
tumor burden on PET. In contrast, Werner
et al. (14) found in 18F-DCFPyL PET a sig-
nificant correlation only for kidney uptake
with PSMA-VOL. However, these results
are not surprising, since only patients with
early-stage prostate cancer having a low
tumor burden were included (median PSA,
3.2 ng/mL) whereas a sink effect is
expected to occur at high tumor volume lev-
els. Limitations of these studies also include
the small sample size, which was not pow-
ered for uptake correlation, use of a small
region of interest for measuring tracer uptake
in large organs (e.g., liver or spleen), and
visual assessment of disease burden. To over-
come these, in the present analysis we seg-

mented semiautomatically on 68Ga-PSMA PET the total disease
burden and the entire volume of normal organs. Moreover, for a com-
plete understanding of the associations between disease burden and
normal uptake, we included patients from the entire spectrum of pros-
tate cancer and categorized them into 6 subgroups: PSMA-negative,
very low, low, moderate, high, and very high tumor volume.
The highest correlation of normal-organ uptake with tumor bur-

den was noticed in salivary glands, followed by kidneys, liver,
and, to a lower degree, spleen. However, the SUVmean of kidneys
and liver was significantly lower beginning with patients with a
low tumor volume (25–189 cm3), whereas for salivary glands it
was significantly lower only in patients with high (532–1,355 cm3)
and very high ($1,355 cm3) tumor volumes. SUVmean of normal
organs had a weaker correlation with SUV. This observation
underlines the importance of using SUVmean over SUVmax for
measuring tracer uptake in normal organs in PET imaging, which
captures the entire organ uptake and does not limit the uptake to 1
voxel. Two limitations of SUVmax are worth mentioning here: the
variability when structures with heterogeneous uptake are mea-
sured (e.g., liver) and the dependence on the reconstruction param-
eters (e.g., potential use of point-spread function). These
limitations can have important implications, particularly in a mul-
ticentric setting in which the harmonization protocol can affect
SUVmax findings.
Our study has clinical implications. When performing PSMA-

targeted RLT, the therapeutic activity is limited because of
potential toxicity to organs at risk. Salivary glands and kidneys are
the main critical organs with the highest absorbed dose (10). More-
over, xerostomia was reported as the main reason for treatment dis-
continuation during 225Ac-PSMA-RLT (24). Our findings suggest
that candidates for 177Lu-PSMA-RLT with a very high tumor vol-
ume ($1,355 cm3 for our analysis defined by quintiles) on the
screening PSMA-PET have a significantly lower normal-organ
uptake and might benefit from an increased therapeutic activity
without exceeding the radiation dose limit for organs at risk.
A first attempt toward individualizing therapeutic activity for

177Lu-PSMA-RLT was made by Hofman et al. (5), in a study in
which 177Lu-PSMA-617 activity was increased by up to 20% in
heavily metastasized patients. Dosimetry data from the same
cohort showed that a higher absorbed dose to tumor was associ-
ated with higher rates of PSA response and that tumor volume
delineated on pretherapeutic 68Ga-PSMA PET is inversely corre-
lated with salivary gland and kidney absorbed radiation dose (25).
Hence, the sink effect may represent a great opportunity for

FIGURE 3. Examples of maximum-intensity-projection images of PSMA PET for each tumor load
group. PSMA-positive tumor segmentation is highlighted in red.
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177Lu-PSMA-RLT to safely increase therapeutic activity in order
to improve antitumor efficacy. Besides toxicity, it might also be
logical to administer a higher treatment activity when the tumor
load is higher, in order to avoid undertreatment.
Overall, the present study establishes tumor sequestration as a

major factor affecting 68Ga-PSMA biodistribution in patients with
a high disease burden, which leads to a sink effect that decreases
activity concentrations in normal organs. In addition, we found
that changes in tumor volume during 177Lu-PSMA-RLT impact
the normal uptake on follow-up 68Ga-PSMA PET images. This
finding emphasizes the potential utility of repeated dosimetry stud-
ies during 177Lu-PSMA-RLT when individualizing therapeutic
dosage. Only 1 patient (without a decrease in 68Ga-PSMA uptake
in normal organs; Supplemental Table 2) had new lesions on the
follow-up scan, suggesting that new lesions on PSMA posttreat-
ment scans are likely to be treatment-related. Nevertheless, addi-
tional studies investigating the impact of the sink effect on
intratumor heterogeneity are warranted to provide additional
insights on this phenomenon.
Strengths of this study include the multicenter setting, large

patient population, and use of full quantitative measurements for
tumor burden assessment. The major limitation of this study is
the use of a single static PET image protocol, and thus, our
results should be interpreted with caution in the framework of
177Lu-PSMA-RLT. In addition, we are unable to analyze the
influence of potential effects arising from different specific activi-
ties. However, given the low half-life of 68Ga and a standardized
production, no large-scale (.102) difference might be present.
Further, we used only SUV normalized to body weight as a
quantitative parameter of PET signal. Alternative quantitative
parameters have been described in the literature, that is, SUV
normalized to lean body mass (26) or the ratio of tumor uptake
to blood-pool uptake (27), although only at a research level. Fur-
ther studies to support their implementation in clinical practice
are awaited. Correlations with dosimetry data with multiple
time points are warranted to establish pretherapeutic PSMA-
targeted PET as a quantitative tool for individualizing therapeutic
doses.

CONCLUSION

Tumor sequestration affects 68Ga-PSMA biodistribution by
decreasing the activity concentration in normal organs, confirming
the tumor sink effect. A relevant sink effect was noticed in patients
with a very high tumor burden ($1,355 cm3). Because of favor-
able uptake ratios, PSMA-targeted RLT with increased activity
regimens should be assessed in patients with a very high tumor
volume. Repeated dosimetry during PSMA-targeted RLT should
be considered, in order not to miss the impact of changes in tumor
burden on dose distribution. Further studies are warranted to estab-
lish pretherapeutic PSMA-targeted PET as a tool for individual
activity adaptation in PSMA-targeted RLT.

DISCLOSURE

This work was partially supported by the Jonsson Comprehen-
sive Cancer Center fellowship award. Andrei Gafita is the recipient
of the Jonsson Comprehensive Cancer Center fellowship award
and the Dr. Christiaan Schiepers postdoctoral fellowship award.
Jeremie Calais is supported by the Prostate Cancer Foundation
(2020 Young Investigator Award 20YOUN05, 2019 Challenge
Award 19CHAL02) and the Society of Nuclear Medicine and
Molecular Imaging (2019 Molecular Imaging Research Grant for
Junior Academic Faculty) and reports prior consulting activities
outside the submitted work for Advanced Accelerator Applica-
tions, Blue Earth Diagnostics, Curium Pharma, GE Healthcare,
Janssen Pharmaceuticals, Progenics Pharmaceuticals, Radiomedix,
and Telix Pharmaceuticals. Michael Hofman is supported by grants
from the Prostate Cancer Foundation, Movember Foundation, Aus-
tralian Government Medical Research Future Fund, Prostate Can-
cer Foundation of Australia, and U.S. Department of Defence and
reports honoraria for lectures from Astellas, Janssen, Mundipharma
and advisory fees from Merck/MSD. Wolfgang Fendler received
financial support from the German Research Foundation (Deutsche
Forschungsgemeinschaft grant FE1573/3-1/659216), Mercator
Research Center Ruhr (MERCUR, An-2019-0001), IFORES
(D/107-81260, D/107-30240), Doktor Robert Pfleger-Stiftung, and
Wiedenfeld-Stiftung/Stiftung Krebsforschung Duisburg; was a
consultant for Endocyte and BTG; and received fees from Radio-
Medix and Bayer outside the submitted work. Hui Wang received
financial support from the China Scholarship Council. Fernando
Navarro received financial support from the German Research
Foundation (Deutsche Forschungsgemeinschaft research training
group grant GRK 2274). Matthias Eiber reports prior consulting
activities for Blue Earth Diagnostics, Progenics Pharmaceuticals,
and Point Biopharma and a patent application for rhPSMA outside
the submitted work. Johannes Czernin is a founder and board
member of, and holds equity in, Sofie Biosciences and Trethera
Therapeutics and was a consultant for Endocyte Inc. (VISION trial
steering committee), Actinium Pharmaceuticals, and Point Bio-
pharma outside the submitted work. Intellectual property is pat-
ented by the University of California and licensed to Sofie
Biosciences and Trethera Therapeutics. Ken Herrmann reports per-
sonal fees from Bayer, Sofie Biosciences, SIRTEX, Adacap,
Curium, Endocyte, BTG, IPSEN, Siemens Healthineers, GE
Healthcare, Amgen, Novartis, ymabs, Bain Capital, and MPM
Capital outside the submitted work; other fees from Sofie Bioscien-
ces; nonfinancial support from ABX; and grants from BTG. No
other potential conflict of interest relevant to this article was
reported.

FIGURE 4. SUVmean of normal organs stratified by tumor load.
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KEY POINTS

QUESTION: Does the tumor burden impact the biodistribution of
68Ga-PSMA PET?

PERTINENT FINDINGS: In this international multicenter, retro-
spective study, we observed a significant negative correlation
between PSMA-positive tumor burden and 68Ga-PSMA PET
uptake in normal organs—that is, salivary glands, kidneys, liver,
and spleen. Patients with a very high tumor burden ($1,355cm3

for our analysis defined by quintiles) had a significantly lower
uptake of 68Ga-PSMA in normal organs.

IMPLICATIONS FOR PATIENT CARE: Our findings suggest that
candidates for 177Lu-PSMA-RLT with a very high tumor volume on
screening PSMA-PET have significantly lower normal-organ
uptake and might benefit from an increased therapeutic activity
without exceeding the radiation dose limit for organs at risk.
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Standardized staging and quantitative reporting are necessary to
demonstrate the association of 18F-DCFPyL PET/CT imaging with
clinical outcome. This work introduces an automated platform, aPRO-
MISE, to implement and extend the Prostate Cancer Molecular Imag-
ing Standardized Evaluation (PROMISE) criteria. The objective is to
validate the performance of aPROMISE in staging and quantifying dis-
ease burden in patients with prostate cancer who undergo prostate-
specific antigen (PSMA) imaging. Methods: This was a retrospective
analysis of 109 veterans with intermediate- or high-risk prostate can-
cer who underwent PSMA imaging. To validate the performance of
aPROMISE, 2 independent nuclear medicine physicians conducted
aPROMISE-assisted reads, resulting in standardized reports that
quantify individual lesions and stage the patients. Patients were
staged as having local disease only (miN0M0), regional lymph node
disease only (miN1M0), metastatic disease only (miN0M1), or both
regional and distant metastatic disease (miN1M1). The staging
obtained from aPROMISE-assisted reads was compared with the
staging by conventional imaging. Cohen pairwise k-agreement was
used to evaluate interreader variability. Correlation coefficients and
intraclass correlation coefficients were used to evaluate the inter-
reader variability of the quantitative assessment (molecular imaging
PSMA [miPSMA] index) at each stage. Kendall tau and t testing were
used to evaluate the association of miPSMA index with prostate-
specific antigen and Gleason score. Results: All PSMA images of 109
veterans met the DICOM conformity and the requirements for the
aPROMISE analysis. Both independent aPROMISE-assisted analyses
demonstrated significant upstaging in patients with localized (23%,
n5 20/87) and regional (25%, n5 2/8) tumor burden. However, a sig-
nificant number of patients with bone metastases identified on
conventional imaging (18F-NaF PET/CT) were downstaged (29%, n 5

4/14). The comparison of the 2 independent aPROMISE-assisted
reads demonstrated a high k-agreement: 0.82 for miN0M0, 0.90 for
miN1M0, and 0.77 for miN0M1. The Spearman correlation of quantita-
tive miPSMA index was 0.93, 0.96, and 0.97, respectively. As a

continuous variable, miPSMA index in the prostate was associated
with risk groups defined by prostate-specific antigen and Gleason
score. Conclusion: We demonstrated the consistency of the aPRO-
MISE platform between readers and observed substantial upstaging
in PSMA imaging compared with conventional imaging. aPROMISE
may contribute to broader standardization of PSMA imaging assess-
ment and to its clinical utility in the management of prostate cancer
patients.

KeyWords: 18F-DCFPyL; PSMA; aPROMISE; segmentation; quantifi-
cation; standardization
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Prostate cancer is the most common solid tumor in men, with
an incidence of nearly 192,000 cases and nearly 30,000 deaths in
the United States annually. Accurate staging of a patient with
prostate cancer is critical for selection of appropriate treatment
strategies, especially as applied to differentiating between those
with localized or regional disease who can be treated with curative
intent and those with metastatic disease. Whether surgery, radia-
tion, and systemic hormone therapy or chemotherapy are appropri-
ate for a given patient is driven largely by the clinical stage (1).
According to the recently updated National Comprehensive Can-
cer Network guidelines, 99mTc-phosphonate bone scintigraphy
(bone scanning) and CT or MRI remain the standard imaging
modalities for prostate cancer staging. However, bone and CT
scans have demonstrated limited diagnostic accuracy in earlier dis-
ease settings (2,3), in turn limiting the accurate staging necessary
for optimal prostate cancer management.
Accurate detection of metastatic disease is a particularly impor-

tant goal because metastatic prostate cancer requires a different
treatment approach and carries a significantly worse prognosis
than local disease. PET is a noninvasive technique that can image
bone and soft tissue in a single modality, evaluate high-grade
tumors that may not produce prostate-specific antigen (PSA), and
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provide quantifiable data using the SUV. However, in prostate
cancer, PET tracers that image metabolic pathways, such as
11C-choline, 11C-acetate, and 18F-FDG, suffer from suboptimal
sensitivity and specificity in the detection of regional and distant
metastatic disease. Recently, small ligands for PET imaging have
been developed that target the cell-surface protein prostate-specific
membrane antigen (PSMA), which is overexpressed in prostate
cancer cells but is also expressed to some extent in other organs
and blood vessels (4). Radiopharmaceuticals based on PSMA
ligands have demonstrated high diagnostic accuracy for the detec-
tion of both regional and distant metastatic prostate cancer. The
proPSMA trial demonstrated that PSMA PET/CT has greater stag-
ing accuracy than conventional imaging consisting of bone scan-
ning and CT for initial staging of patients with high-risk prostate
cancer (5). This supports the use of a single PSMA PET/CT scan
rather than 2 conventional imaging modalities in this setting.
Recent efforts in standardizing the assessment of PSMA scans

have resulted in several PSMA PET evaluation and reporting sys-
tems, including the PSMA Reporting and Data System, the system
of the European Association of Nuclear Medicine, and the Prostate
Cancer Molecular Imaging Standardized Evaluation (PROMISE)
(6–8). Although all the proposed criteria are focused on the char-
acterization of individual PSMA lesions based on the location and
on the definition of significant uptake, the PROMISE standard is
also proposing a patient-level staging (molecular imaging TNM),
which is based on the detection and location of the disease in the
PSMA PET/CT image. A recent study comparing such standard-
ized assessments has shown that they have a high interreader
reproducibility (9,10).
However, the adoption of PROMISE criteria in routine clinical

practice and investigational studies is limited by the fact that it
must be done manually and is labor-intensive. The manual work
can be greatly facilitated through automation by deep-learning
image analysis. The structural radiologic processes, including the
segmentation of anatomic structures (from CT), can be automated
to contextualize and characterize the functional imaging. The
application of deep learning in automating the whole-body seg-
mentation in PET/CT is the foundational framework for automat-
ing the PROMISE criteria. In this study, we introduce and
evaluate the analysis of PSMA PET images through aPROMISE,
a deep-learning platform to both automate standardized staging
and generate a fully quantitative assess-
ment of PSMA-defined disease burden at
the lesion and patient levels.

MATERIALS AND METHODS

Patient Population
The purpose of our study was to evaluate

the performance of the aPROMISE technol-
ogy in standardizing the staging and quantifi-
cation of prostate cancer. This investigation
was a retrospective analysis of 109 veterans
with unfavorable intermediate- and high-risk
primary prostate cancer who underwent
18F-DCFPyL PET/CT under clinical trial
NCT03852654, a single-arm trial of PSMA
PET/CT on veterans who also underwent
conventional imaging with bone scanning,
CT, or MRI. The study was approved by the
local institutional review board at a Veterans

Affairs hospital (PCC 2018-100989), with a waiver of individual
informed consent.

Study Design
To validate the performance of aPROMISE, 2 independent board-

certified nuclear medicine physicians (3 y of clinical experience)
reviewed the PSMA images with the assistance of aPROMISE. No
prior instructions were given, and the readers solely and independently
relied on the aPROMISE workflow. aPROMISE provides the reader
with automated segmentation and quantification of lesions with a pre-
selected molecular imaging TNM type. The reader can choose to
accept or override the aPROMISE automated selections at the level of
each individual lesion. A final report is autogenerated on the basis of
the aPROMISE-assisted read.

First, the aPROMISE-assisted staging was evaluated against
conventional-imaging staging obtained from the routine clinical
reports. Conventional imaging in every patient included 99mTc-methy-
lene diphosphonate bone scanning or 18F-NaF PET/CT, and CT
or MRI of the pelvis. Second, we evaluated the reproducibility of
the staging and lesion quantification between the 2 independent
aPROMISE-assisted reads. Finally, we evaluated the clinical associa-
tion of quantitative PSMA uptake (molecular imaging PSMA [miP-
SMA] index) with 2 baseline clinical variables: Gleason score and
PSA value. All patients were staged into 1 of 4 distinct categories:
miN0M0 (localized disease and absence of regional lymph node or
distant metastatic disease), miN1M0 (regional lymph node disease but
absence of distant metastatic disease), miN0M1 (absence of regional
lymph node but presence of distant metastatic disease), and miN1M1
(presence of both regional lymph node and distant metastatic disease).

aPROMISE and miPSMA Index
aPROMISE (version 1.1), a class II software as a medical device, is

a web application developed by EXINI Diagnostics AB to standardize
and quantify PSMA imaging in prostate cancer. aPROMISE is enabled
with deep learning that automatically analyzes the CT image to seg-
ment anatomic regions in detail, including individual vertebrae, ribs,
pelvic bones, and soft-tissue organs such as the prostate (Fig. 1). The
anatomic contextualization of the molecular image is used to stage the
patient on the basis of the location and extent of the primary tumor in
the prostate and of the disease in the local or regional pelvic lymph
nodes and in the distant metastases. Subsequently, the PET image is
analyzed to detect target lesions. aPROMISE technology enables
implementation of standard guidelines such as PROMISE in

FIGURE 1. Deep-learning–enabled segmentation of anatomic context in low-dose CT component
of PET/CT. Individual color represents respective segmented organ. aPROMISE technology enables
automated segmentation of reference organs and anatomic delineation of disease in prostate tumor,
regional lymph node, and distant metastases.
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standardizing PSMA assessment (6). Merging the target lesion infor-
mation with the anatomic location, the technology quantifies each tar-
get lesion in terms of both intensity and volume and summarizes by
tissue type to generate the miPSMA index. The aPROMISE report is
created automatically, with both aggregated information and detailed
information on a per-lesion basis. Manual controls are provided as
fallback to augment automatic analysis.

In the PROMISE criteria, Eiber et al. (6) defined the miPSMA score
of a lesion as 0 when uptake is below the level in the aorta, 1 when
uptake is between the levels in the aorta and liver, 2 when uptake is
between the levels in the liver and the parotid gland, and 3 when
uptake is above the level in the parotid gland. The miPSMA lesion
index is a continuous extension of these criteria, defined by linear
interpolation from the lesion SUVmean and from the aorta and liver
SUV references as follows:

Lesion SUVmean # aorta SUVref :

Lesion index 5
lesion SUVmean

aorta SUVref

Aorta SUVref # lesion SUVmean # liver SUVref :

Lesion index 5 11
lesion SUVmean2aorta SUVref

aorta SUVref

Liver SUVref # lesion SUVmean # 23liver SUVref :

Lesion index 5 21
lesion SUVmean2liver SUVref

liver SUVref

23liver SUVref # lesion SUVmean: lesion index 5 3:

The use of the parotid gland as a threshold has been replaced by 2
times the liver reference since it is not certain that the parotid glands
are included in all PSMA PET/CT scans. For each molecular imaging
TNM type, lesion uptake is aggregated into the intensity-weighted
total lesion uptake volume. This PSMA index is defined asX

lesion type

lesion index 3 lesion uptake volume

for extent of disease in any lesion type (primary tumor [T stage],
local or regional pelvic nodes [N stage], or distant metastases [M
stage, which is further denoted as “a” for metastatic lymph nodes,
“b” for bone metastases, and “c” for visceral organ metastases]).

Statistical Analysis
Descriptive statistics were used to compare the aPROMISE staging

with conventional-imaging staging. Cohen pairwise k-agreement was
used to evaluate the interreader variability of aPROMISE-assisted
staging (miN0M0, miN1M0, and miN0M1). Spearman and Kendall
correlation coefficients were used to evaluate the interreader variabil-
ity of the quantitative assessment (miPSMA index) of each stage.
Student t testing was used to evaluate the miPSMA index values
(in tumor) in the risk groups defined by PSA and Gleason score. All
statistical analyses were performed using R, version 4.0.2.

RESULTS

The analysis included 109 consecutive patients, whose baseline
characteristics are detailed in Table 1. Conventional imaging
staged 87 of the 109 patients as having N0M0 disease, 8 patients
as having N1M0 disease, 14 patients as having N0M1 disease, and
no patients as having N1M1 disease. All 14 of the N0M1 patients
were found to have bone metastasis (N0M1b) on conventional
staging by 18F-NaF PET/CT and did not undergo 99mTc-methylene
diphosphonate bone scanning.
The duration of the aPROMISE-assisted read, from selecting a

patient to generating a complete report, was recorded to be a mean

of 3.2 min (range, 1.8–5.1 min) per scan for reader 1 and 3.4 min
(range, 2.3–5.8 min) for reader 2. The comparative assessment of
conventional against aPROMISE-assisted PSMA staging is
detailed in Table 2. Both aPROMISE-assisted PSMA analyses
demonstrated significant upstaging in patients with localized and
regional tumor burden and downstaging in patients who were
positive for distant bone metastasis by 18F-NaF PET/CT. In
aPROMISE-assisted read 1, of the 87 patients who were deter-
mined to be negative for local (N1) or distant (M1) metastatic dis-
ease by conventional imaging, 20 (23%) were upstaged in the
PSMA imaging assessment to having regional lymph node disease
(n 5 13) or distant metastatic disease (n 5 6). Similarly, of the
8 patients staged as having local pelvic nodal disease only (N1),
2 (25%) were upstaged to having distant metastatic disease also.
Notably, a significant population (4/14, 29%) with bone metastatic
disease by conventional imaging were downstaged by
aPROMISE-assisted PSMA imaging. Examples of downstaged
aPROMISE-assisted PSMA reads against 18F-NaF reads are

TABLE 1
Patient Characteristics (n 5 109)

Characteristic Data

Age (y)

Average 70

Median 69

Minimum 55

Maximum 86

Race (n)

White 54 (49%)

African American 44 (41%)

Hispanic 7 (7%)

Asian Pacific Islander 3 (2%)

Native American 1 (1%)

Clinical T stage (n)

cT1/2 62 (57%)

cT3 47 (43%)

Gleason score (n)

3 1 3 13 (7%)

3 1 4 28 (23%)

4 1 3 24 (18%)

$4 1 4 49 (36%)

PSA at diagnosis (ng/mL)

Average 20.4 ng/mL

Median 13.55 ng/mL

Minimum 3.03 ng/mL

Maximum 167.92 ng/mL

Percentage positive core (n)

,25% 18 (17%)

25%–50% 28 (26%)

51%–75% 14 (13%)

.75% 28 (26%)

Unknown 11 (10%)
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demonstrated in Figure 2. aPROMISE-assisted read 2 had observa-
tions similar to those on conventional imaging (Table 2).

Interobserver Reproducibility of aPROMISE Reads
The 2 independent aPROMISE-assisted read are compared in

Table 3. The k-agreement between them was 0.82 for categoriza-
tion of patients with miN0M0, 0.90 for patient with miN1M0, and
0.77 for patients with miN0M1b. Among all stages, the relatively

modest discrepancy in aPROMISE-associated reads was most
notable for isolated low-intensity bone lesions. The quantitative
reproducibility of miPSMA index in the cases that were catego-
rized the same in the 2 independent aPROMISE-assisted reads—
miN0M0 (n 5 66), miN1M0 (n 5 17), miN0M1(n 5 12)—is
illustrated in Figure 3. The Spearman correlation was 0.93, 0.96,
and 0.97, respectively.

aPROMISE miPSMA Index
As a continuous variable, miPSMA index in the prostate tumor

of all patients (n 5 109) was correlated with PSA value (t 5 0.30;
P , 0.0001). Figure 4 shows the miPSMA index values in the
prostate, stratified in risk groups defined by PSA and separately
by Gleason score. There was a significant difference in values
between patients with a PSA of 10 ng/mL or lower (median,
17.61; interquartile range, 8.75–44.63) and patients with a PSA
of 20 ng/mL or higher (median, 54.63; interquartile range,
27.55–80.79) (P 5 0.05). Similarly, the PSMA index values of
prostate tumors with a Gleason score of 3 1 3 (median, 19.45;
interquartile range, 9.97–23.54) was significantly lower than that
of tumors with a Gleason score of at least 4 1 3 (median, 32.74;
interquartile range, 15.38–54.63) (P 5 0.01).

DISCUSSION

The aPROMISE-assisted independent staging and the quantita-
tive assessments of total disease burden were found to be consis-
tent and reproducible between readers. Integrating PSMA
assessment tools into the clinical workflow could allow for auto-
mation to provide efficiency, consistency, and accuracy in the
staging and quantification of PSMA PET/CT. This study also dem-
onstrated that aPROMISE-assisted reads for PSMA PET/CT
detected significantly more regional and metastatic suggestive
lesions than were identified by conventional imaging.
The ability of PSMA imaging to detect a greater number of sus-

pected metastatic lesions than can be detected by conventional
bone scanning or CT has been evident across multiple studies
(11–14). The frequency of upstaging in nodal and distant metasta-
sis by PSMA PET/CT, compared with conventional imaging, in
this cohort of patients with intermediate- or high-risk prostate can-
cer was in line with previous reports. Notably, the biologic

TABLE 2
aPROMISE-PSMA Staging Reads vs. Local and Distant Metastatic Staging by Conventional Imaging

Conventional imaging

Read no. Parameter N0M0 (n 5 87) N1M0 (n 5 8) N0M1a/b (n 5 14) N1M1a/b (n 5 0)

1 miN0M0 (n 5 71) 67 0 4 0

miN1M0 (n 5 19) 13 6 0 0

miN0 M1a/b (n 5 15) 6 0 9 0

miN1M1a/b (n 5 4) 1 2 1 0

2 miN0M0 (n 5 72) 68 0 4 0

miN1M0 (n 5 18) 12 6 0 0

miN0M1a/b (n 5 15) 6 0 9 0

miN1M1a/b (n 5 4) 1 2 1 0

n 5 109.

A (Pt# 94 18F-DCFPyL) B ( Pt# 94 Na 18F)

C (Pt# 28 18F-DCFPyL) D (Pt# 28 Na 18F)

FIGURE 2. Example of patients who were negative in aPROMISE-assisted
reads of 18F-DCFPyL scans (A and C, axial images) compared with Na18F
(BandD, axial images) andwere downstaged fromN0M1 toN0M0.
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dimension of PSMA in evaluating suspected metastatic disease
was particularly apparent when comparing findings from 18F-NaF
with those from PSMA imaging. Of the 14 patients categorized as
M1b through 18F-NaF scans, 4 (29%) were called negative in
aPROMISE-assisted reads of their respective PSMA scans. As a
bone metabolic scan, 18F-NaF imaging is known to be susceptible
to nonpathophysiologic features in bone such as trauma, degenera-
tive changes, and fibrous dysplasia. Of these 4 patients with
lesions seen on 18F-NaF imaging but not on PSMA PET/CT,
2 demonstrated lesions that appeared more likely to be benign on
PSMA PET/CT but were called positive on the corresponding
18F-NaF imaging. The other 2 patients with discordant findings
between 18F-NaF and PSMA imaging had suggestive sclerotic
bone lesions that were not seen on the aPROMISE reads because
of low PSMA intensity in the lesions. One of these 2 patients
underwent curative-intent radical prostatectomy and remains free
of biochemical recurrence almost 1 y after surgery, without addi-
tional therapy. The other patients delayed treatment and instead
underwent a repeat 18F-NaF examination 6 mo later that showed
no interval change in the bone lesion but did show progression
within soft tissue. In these 2 cases, clinical follow-up was more
consistent with the PSMA PET staging than with the 18F-NaF
imaging. A more comprehensive comparison of PSMA and
18F-NaF imaging is beyond the scope of this study but will be
done in a separate follow-up analysis.
Interreader agreement on the interpretation of PSMA PET/CT

has been evaluated mostly using 68Ga-PSMA11 PET/CT. Fendler
et al. evaluated interreader agreements in 50 patients with primary
disease and after biochemical recurrence and found k values of
0.62 for primary tumor, 0.74 for nodes, and 0.88 for bone lesions
(15). In a more homogeneous biochemically recurrent population
consisting of patients with PSA levels of up to 0.6 ng/mL, Miksch
et al. demonstrated k values of 0.76 for primary tumor, 0.73 for
nodes, and 0.58 for bone lesions (16). In a study focused exclu-
sively on 50 patients who underwent 18F-DCFPyL PET, an intra-
class correlation coefficient of 0.79 was derived for nodal disease
(17). Similarly, the manual reproducibility of following the
PROMISE classification has been reviewed and reported by Torii-
hara et al., who demonstrated moderate interreader agreement
(0.67) for molecular imaging TNM classification in PSMA PET/
CT (9). The agreement between the aPROMISE-assisted reads in
our study compares favorably against these prior evaluations
(Cohen k . 0.75), with a notably quick reading time (mean, 3.2
and 3.4 min per scan). One reader in our study had considerably
more prior experience in the interpretation of PSMA PET/CT than

did the other. Still, a high degree of agreement was noted. The
readers in our study did not get any strict guidance on lesion detec-
tion, nor did they receive any formal training on the PROMISE
criteria. The findings may suggest that an aPROMISE-assisted
read that involves automated segmentation, localization, and lesion
preselection may nudge readers toward a moderately high agree-
ment irrespective of their prior experience. This hypothesis war-
rants a multicenter, multireader study for validation.
Quantitativemetrics of disease burdenmay further enhance the prog-

nostic and predictive power of imaging. Currently, the automated bone
scan index (aBSI) is the only Food and Drug Administration–cleared
software as a medical device that has been prospectively validated in a
registration study as a prognostic imaging biomarker for metastatic
prostate cancer (18). The STAMPEDE trial investigated the addition of
radiation to the primary tumor in M1 patients. In a post hoc analysis
that used aBSI to assess disease burden, aBSI was predictive of
response to prostate radiotherapy (19). aBSI uses a machine-learning
algorithm that preselects and segments the lesions in bone and automat-
ically computes a quantitative total tumor burden in 99mTc planar bone
scans (20). In some sense, the miPSMA index for quantification of dis-
ease burden defined by PSMA PET/CT can be considered a
3-dimensional analog of aBSI.
However, the automated miPSMA index offers a far more com-

prehensive assessment of disease burden. The miPSMA index is a
continuous extension of the miPSMA score proposed in the
PROMISE criteria. Like the miPSMA score, the miPSMA index
is the PSMA quantification of an individual lesion in relation to
the mean uptake in reference organs. The result, for each lesion, is
a linear PSMA-burden quantification that can be summarized by
each tissue type (primary tumor [T stage], local or regional pelvic
nodes [N stage], or distant metastases [M stage, which is further
denoted as “a” for metastatic lymph nodes, “b” for bone metasta-
ses, and “c” for visceral organ metastases]). Our study showed an
association between miPSMA index in the primary tumor and
both Gleason grade and PSA value. This finding is consistent with
prior studies reporting that PSMA expression in the primary tumor
is associated with a higher Gleason grade and recurrence risk
(21,22). We hypothesize that the miPSMA index may be useful
for selecting patients for PSMA-targeted radiotherapy, with cur-
rent trials largely using qualitative assessments of PSMA expres-
sion as inclusion criteria. Moreover, there is a potential role for
the miPSMA index in conjunction with morphologic findings as a
quantitative method of response assessment after treatment.
The purpose of our hypothesis-generating study was to evaluate

the performance of the aPROMISE technology for subsequent

TABLE 3
Local and Distant Metastatic Staging by aPROMISE-PSMA Read 1 Against aPROMISE-PSMA Read 2

Read 1

Read 2 miN0M0 (n 5 71) miN1M0 (n 5 19) miN0M1a/b (n 5 15) miN1M1a/b (n 5 4)

miN0M0 (n 5 72) 67 2 3 0

miN1M0 (n 5 18) 1 17 0 0

miN0M1a/b (n 5 15) 3 0 12 0

miN1M1a/b (n 5 4) 0 0 0 4

n 5 109.
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prospective clinical investigations. The findings here enable future
investigations to evaluate any additive benefits of aPROMISE-
assisted reads over manual reads of PSMA PET/CT and to assess

whether the diagnostic performance of PSMA PET/CT is enhanced
when using the aPROMISE software. Our study was limited in the
number of independent reads and in its retrospective design. There-
fore, the findings and the hypothesis presented here should be vali-
dated in a prospectively designed multireader and multiinstitutional

Pearson Cor (95% CI)
0.93 (0.88 – 0.96)

miN0M0 (N = 66)A

Pearson Cor (95% CI)
0.98 (0.95 – 0.99)

miN1M0 (N = 17)B

Pearson Cor (95% CI)
0.99 (0.96 – 0.99)

miN1M0 (N = 12)C

FIGURE 3. Quantitative reproducibility of miPSMA index in patients who
were categorized the same in 2 independent aPROMISE-assisted reads:
miN0M0 (A), miN1M0 (B), and miN0M1(C). In A, 1 patient was excluded
because of a manual segmentation error that incorporated bladder. Cor 5
correlation.

A

B

C

FIGURE 4. miPSMA index values in prostate, stratified by PSA (A and B)
and separately by Gleason grade (C).
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study design. In addition, lesions selected by aPROMISE have not
been histopathologically validated. However, PSMA PET was
shown to have high specificity in several recent studies (23).
Despite these limitations, our study demonstrated the perfor-

mance of aPROMISE in an independent assessment. Incorporation
of aPROMISE and the miPSMA index into subsequent clinical
investigations can allow further exploration of the clinical context
of their use for prospective validation.

CONCLUSION

aPROMISE-assisted PSMA PET/CT reads generate detailed
imaging reports at the whole-patient and lesion levels within
minutes. Compared with conventional imaging, aPROMISE assis-
tance upstages patients and reduces interreader variability, even
among readers with differing baseline levels of experience. More-
over, aPROMISE-assisted reads may standardize PSMA evalua-
tion. Prospective studies and direct manual comparison studies are
required to validate these findings. The miPSMA index is a quanti-
tative measure of lesion volume and relative intensity, is associ-
ated with Gleason grade and PSA, and describes overall and
tissue-specific tumor burden. Evaluation of the miPSMA index as
an imaging biomarker of disease burden is warranted in order to
assess prognostic value.
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KEY POINTS

QUESTION: Can the aPROMISE platform generate a consistent
and standardized evaluation of PSMA scans?

PERTINENT FINDINGS: The comparison of the 2 independent
aPROMISE-assisted reads demonstrated a high k agreement in
staging of patients. As a continuous variable, miPSMA index in
the prostate was associated with risk groups defined by PSA val-
ues and Gleason scores.

IMPLICATIONS FOR PATIENT CARE: aPROMISE-assisted reads
may standardize PSMA evaluation and reduce interreader variabil-
ity, even among readers with differing baseline levels of experi-
ence. The miPSMA index is a quantitative measure of lesion
volume and relative intensity, is associated with Gleason grade
and PSA, and describes overall and tissue-specific tumor burden.
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Biochemical recurrence (BCR) is a clinical challenge in prostate cancer
(PCa) patients, as recurrence localization guides subsequent thera-
pies. The use of PET with prostate-specific membrane antigen
(PSMA) provides better accuracy than conventional imaging practice.
This prospective, multicenter, international study was performed to
evaluate the diagnostic performance and clinical impact of PSMA
PET/CT for evaluating BCR in PCa patients in a worldwide scenario.
Methods: Patients were recruited from 17 centers in 15 countries.
Inclusion criteria were histopathologically proven prostate adenocarci-
noma, previous primary treatment, clinically established BCR, and
negative conventional imaging (CT plus bone scintigraphy) and MRI
results for patients with PSA levels of 4–10 ng/mL. All patients under-
went PET/CT scanning with 68Ga-PSMA-11. Images and data were
centrally reviewed. Multivariate logistic regression analysis was
applied to identify the independent predictors of PSMA-positive
results. Variables were selected for this regression model on the basis
of significant associations in the univariate analysis and previous clini-
cal knowledge: Gleason score, the PSA level at the time of the PET
scan, PSA doubling time, and primary treatment strategy. All patients
were monitored for a minimum of 6 mo. Results: From a total of 1,004
patients, 77.7% were treated initially with radical prostatectomy and
22.3% were treated with radiotherapy. Overall, 65.1% had positive
PSMA PET/CT results. PSMA PET/CT positivity was correlated with
the Gleason score, PSA level at the time of the PET scan, PSA dou-
bling time, and radiotherapy as the primary treatment (P , 0.001).
Treatment was modified on the basis of PSMA PET/CT results in

56.8% of patients. PSMA PET/CT positivity rates were consistent and
not statistically different among countries with different incomes.
Conclusion: This multicenter, international, prospective trial of PSMA
PET/CT confirmed its capability for detecting local and metastatic
recurrence in most PCa patients in the setting of BCR. PSMA PET/CT
positivity was correlated with the Gleason score, PSA level at the time
of the PET scan, PSA doubling time, and radiotherapy as the primary
treatment. PSMA PET/CT results led to changes in therapeutic man-
agement in more than half of the cohort. The study demonstrated the
reliability and worldwide feasibility of PSMA PET/CT in the workup of
PCa patients with BCR.

KeyWords:PSMA; PET/CT; prostate cancer; biochemical relapse
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Prostate cancer (PCa) is the second most common cancer in
men, accounting for 7.8% of all cancers in this population (1).
Greater life expectancy worldwide and improved access to screen-
ing and diagnostic methods in developing nations are mainly
responsible for the current trend of increasing incidence (2).
Initial treatment with curative intent is feasible, with radical pros-

tatectomy or radiotherapy; nevertheless, early recurrence occurs in
up to 50% of patients within 10 y (3–5). Biochemical recurrence
(BCR) is defined as increasing serum prostate-specific antigen (PSA)
levels after initial treatment, under specific criteria (6–8).
The key question for proper treatment planning in BCR remains

whether the rise in PSA levels is reflective of local, regional, or dis-
tant recurrence. With increasing rates of success of early salvage
therapy, the diagnosis of local tumor recurrence at the earliest pos-
sible stage has become pertinent. Salvage radiotherapy after radical
prostatectomy has been shown to be most effective—reaching a
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durable response—when the postoperative PSA level is preferably
below 0.5 ng/mL, with better outcomes when the PSA level is
below 0.2 ng/mL (4,9).
Despite guidelines indicating that prostate-specific membrane

antigen (PSMA) PET/CT is the imaging modality of choice in
BCR (10–17), in some countries—especially those with lower
incomes—conventional imaging with CT and bone scintigraphy
are still being used, even if the diagnostic yield of these techniques
is low, especially for patients with low PSA levels (11).
Most PSMA PET/CT studies have been performed at a single

institution or were retrospectively planned. Furthermore, most
reported studies have been conducted at academic centers in highly
developed countries; thus, to our knowledge, there are no data from
large prospective international trials. The International Atomic
Energy Agency initiated a Coordinated Research Project to evalu-
ate the feasibility and usefulness of PSMA PET/CT for studying
PCa patients with BCR in 15 countries to inform international
practice.
The primary aim of this prospective study was to evaluate the

diagnostic performance of PSMA PET/CT in PCa patients with
BCR worldwide, through an international multicenter effort, and
the impact of PSMA PET/CT on clinical management.

MATERIALS AND METHODS

Study Design
Two investigators’ meetings were held, in 2017 and 2019. The first

defined the study protocol, whereas in the second, an interim evalua-
tion was performed, together with image and data review. The study
followed a prospective, multicenter, international design, encompass-
ing 17 centers in 15 countries (Azerbaijan, Brazil, Colombia, India,
Israel, Italy, Jordan, Lebanon, Malaysia, Mexico, Pakistan, Poland,
South Africa, Turkey, and Uruguay). Standard forms for data registra-
tion were developed and agreed on by the investigators. Data were
collected for PSMA PET/CT positivity rate, localization of positive
findings, and impact on patient management (Supplemental Fig. 1)
(supplemental materials are available at http://jnm.snmjournals.org).
All centers obtained local ethics clearance for prospective recruitment
of patients and data collection, according to national regulations. All
subjects signed an informed consent form.

Patients
Patients who had histopathologically proven prostate adenocarci-

noma, who had undergone primary definitive treatment (radical prosta-
tectomy or radiotherapy), and who had BCR were recruited. All
patients were monitored for a minimum of 6 mo after PSMA PET/CT.

The 6 inclusion criteria were an age of greater than 18 y; histopath-
ologically proven prostatic adenocarcinoma; previous primary treat-
ment for PCa (radical prostatectomy or radiotherapy); BCR, defined as
a PSA level above 0.2 ng/mL, confirmed by 2 subsequent consecutive
measurements, after radical prostatectomy, or as an absolute increase
in the PSA level of 2 ng/mL above the nadir after radiotherapy; nega-
tive conventional imaging (CT plus bone scintigraphy) and MRI
results for patients with PSA levels of 4–10 ng/mL; and written
informed consent.

The 3 exclusion criteria were a history of any malignancy other
than PCa; a history of Paget disease; and BCR and PSA levels of
greater than or equal to 10 ng/mL.

PET/CT Imaging
All patients underwent PSMA PET/CT with the same radiopharma-

ceutical, 68Ga-PSMA-11 (18–21), which was synthesized at the radio-
pharmaceutical laboratory of each participating center. PET studies

were performed on dedicated PET/CT scanners, and image quality
was evaluated by board-certified nuclear medicine physicians.

According to the methodology proposed in the medical literature
(10), patients were administered 68Ga-PSMA-11 (2 MBq/kg; a mini-
mum of 125 MBq) by slow intravenous injection. At 60 to 90 min
after injection, standard image acquisition was performed. Low-dose
(diagnostic) CT images were obtained from the midthigh to above the
orbitomeatal line. Three-dimensional PET images were acquired for
the same body extension, for at least 2 min/bed position. Real true-
body images (images from head to toes), contrast-enhanced CT, and
diuretic and late images were allowed.

PET/CT studies were assessed by 2 board-certified nuclear medicine
physicians with extensive experience in PSMA PET/CT oncologic imag-
ing at each center, and all scans were later centrally reviewed. Discor-
dant findings were addressed at consensus meetings, and final results
were used for analysis.

PET/CT Image Analysis
The studies were classified as either positive or negative with regard

to the identification of findings suggestive of recurrence on the basis
of procedure guidelines for PCa imaging (Fig. 1) (10). The anatomic
sites of the lesions were registered.

PSMA PET/CT findings were compared with histology (when
necessary, in the judgment of the clinician); correlative imaging meth-
ods, such as CT with contrast, MRI, whole-body MRI, and bone scan-
ning; and clinical and laboratory data (PSA behavior). All data were
obtained in the normal care pathway.

Given the composite nature of the standard of reference, we could
not calculate sensitivity or specificity; furthermore, a proper evaluation
of negative findings was beyond the scope of the present study, which
focused on assessing the PSMA PET/CT detection rate (positivity
rate), defined as the proportion of patients with positive PSMA PET/
CT results.

Intention to Treat
Before PSMA PET/CT, an intention-to-treat questionnaire was

completed by the assistant urooncology teams by the time of refer-
ral for evaluation; the treatment categories were radiotherapy
only, radiotherapy and antiandrogenic therapy (ADT), salvage
lymphadenectomy, ADT only, active surveillance, bilateral orchiec-
tomy, second-generation ADT (abiraterone or enzalutamide), radionu-
clide therapy, and chemotherapy (taxane).

After the PSMA PET/CT results were made available, the assistant
urooncology teams completed the same questionnaire on the basis of
the actual treatments used.

Statistical Analyses
The demographic and clinical variables were tabulated using

descriptive analysis. Continuous variables were assessed for the gauss-
ian distribution of the data and presented as mean 6 SD, if normally
distributed, or median (25th percentile, 75th percentile) if not normally
distributed. Comparisons of patients with positive PSMA results and
those with negative PSMA results were performed using the t test or
Wilcoxon–Mann–Whitney test. Discrete variables were presented as
proportions and compared between groups using the x2 test. A multi-
variate logistic regression analysis was performed to identify the inde-
pendent predictors of positive PSMA results. Variables were selected
for the regression model on the basis of significant associations in the
univariate analysis and previous clinical knowledge. The level of sig-
nificance was set at a P value of less than 0.05. Analyses were per-
formed using Stata version 15.1 (Stata Corp.).
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RESULTS

Patient Characteristics
A total of 1,198 PCa patients referred for PSMA PET/CT because

of BCR between November 2017 and December 2019 were
enrolled; 194 were subsequently excluded because of missing infor-
mation or loss of follow-up data. Therefore, a cohort of 1,004
patients could be analyzed, here divided by country: Azerbaijan (48),
Brazil (165), Colombia (29), India (86), Israel (16), Italy (172), Jor-
dan (26), Lebanon (65), Malaysia (35), Mexico (91), Pakistan (19),
Poland (111), South Africa (42), Turkey (57), and Uruguay (42). For
2 nations (India and Turkey), data from 2 contributing centers were
pooled together for the present study (see the list of participant cen-
ters and contributors in the supplemental materials). The distribution
of patients according to the Gleason score (GS) was as follows: for a
GS of 7, there were 613 patients (61.1%); for a GS of 8, there were
196 patients (19.5%); for a GS of 9, there were 180 patients
(17.9%); and for a GS of 10, there were 15 patients (1.5%). The dis-
tribution of patients according to PSA levels at PET/CT was as fol-
lows: for PSA levels of less than 0.2 ng/mL, there were 41 patients
(4.1%); for PSA levels between greater than or equal to 0.2 ng/mL
and less than 0.5 ng/mL, there were 188 patients (18.7%); for PSA

levels between greater than or equal to
0.5ng/mL and less than 1ng/mL, there were
232 patients (23.1%); for PSA levels between
greater than or equal to 1ng/mL and less than
2ng/mL, there were 235 patients (23.4%); for
PSA levels between greater than or equal to
2ng/mL and less than 4ng/mL, there were
206 patients (20.5%); and for PSA levels
between greater than or equal to 4 ng/mL
and less than 10ng/mL, there were 102
patients (10.2%). The mean PSA doubling
time was 11.18 mo (SD, 13.15 mo)
(Table 1). Overall, 780 patients (77.7%)
were treated initially with radical prostatec-
tomy and 224 (22.3%) were treated with
radiotherapy. At the time of the PET scan,
the mean time from PCa diagnosis to BCR
was 15.6 mo (range, 0.6–43.7 mo); 248
patients (24.7%) were receiving ongoing
ADT; and 630 patients (62.7%) had a PSA
doubling time of less than or equal to 10 mo.
The mean age of patients was 67.3 y

(range, 45–87 y); 908 men (90.4%) met
the eligibility requirement because they
had PSA levels of less than 4 ng/mL,
whereas 96 men (9.6%) had PSA con-
centrations of 4–10 ng/mL and negative
MRI, CT, and bone scintigraphy results.
The mean PSA level at the time of the
PET scan was 1.55 ng/mL. Regarding the
stage at presentation, 443 men (44.1%) had
clinical stages T1–T2 and 341 (34.0%) had
clinical stages T3–T4; in 220 men (21.9%),
the T stage was unknown. The mean dura-
tion of follow-up after PSMA PET/CT was
16.8 mo (SD, 9.3 mo).
Regarding income, 105, 509, and 390

patients were in the lower middle-income,
upper middle-income, and high-income

groups, respectively. PSA differences were not significant
among them (P 5 0.94). Of note, there were statistically sig-
nificant differences regarding PSA doubling time, ongoing ADT,
and radiotherapy as the primary treatment among the different
income groups. For these 3 groups, the mean PSA doubling
times were 9.14, 9.98, and 13.3 mo (P , 0.001). There were
40 patients (38.1%), 131 patients (25.7%), and 77 patients
(19.7%) receiving ongoing ADT (P , 0.001). Radiotherapy
was the primary treatment in 42 patients (40.0%), 129
patients (25.3%), and 53 patients (13.6%) (P , 0.001).

PSMA PET/CT
At least 1 malignant lesion was found in 65.1% of the patients

(654/1,004), whereas 34.9% (350/1,004) had negative PSMA
PET/CT results, with no detectable disease. A summary of the
PSMA PET/CT results is shown in Table 1.
There was a correlation between PSMA PET/CT and the GS

(P , 0.001). Detection rates were 60.5% (371/613) for patients
with a GS of 7; 66.3% (130/196) for those with a GS of 8; 77.8%
(140/180) for those with a GS of 9; and 86.7% (13/15) for those
with a GS of 10 (Fig. 2).

FIGURE 1. (A–C) Negative PSMA PET/CT results for 65-y-old patient who had undergone radical
prostatectomy plus PNLD and had T3bN0 BCR (PSA, 0.55 ng/mL). Treatment plan was not altered
by PSMA PET/CT results (radiotherapy) (A: axial CT; B: axial fusion; C: maximum-intensity projection
[MIP]). (D–F) Positive PSMA PET/CT results for 67-y-old patient who had undergone radical prosta-
tectomy plus PNLD and who had T2aN1 BCR (PSA, 0.4 ng/mL). Treatment plan was modified from
radiotherapy to ADT (D: axial CT; E: axial fusion; F: MIP) for 0.4-cm lymph nodes (red arrows). (G–I)
Positive PSMA PET/CT results for 65-y-old patient who had undergone radical prostatectomy plus
PNLD and who had T3aN0 BCR (PSA, 0.2 ng/mL). Treatment plan was modified from radiotherapy
to chemotherapy (G: axial CT; H: axial fusion; I: MIP) for metastatic bone lesions (green arrows).
PNLD = pelvic lymph node dissection.
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We also found a significant correlation between PSMA PET/CT
positivity and PSA values (P , 0.001). Detection rates were
51.2% (21/41) for PSA values of less than 0.2; 44.7% (84/188) for
PSA values between greater than or equal to 0.2 and less than 0.5;
53.4% (124/232) for PSA values between greater than or equal to
0.5 and less than 1; 67.2% (158/235) for PSA values between
greater than or equal to 1 and less than 2; 83.0% (171/206) for

PSA values between greater than or equal to 2 and less than 4; and
94.1% (96/102) for PSA values between greater than or equal to
4 and less than 10 (Fig. 3).
PSMA PET/CT results were positive for 69.4% of the patients

(437/630) whose PSA doubling times were less than or equal to
10 mo and for 58.0% of the patients (217/374) whose PSA dou-
bling times were greater than 10 mo (P 5 0.003) (Fig. 4).

TABLE 1
Patient Characteristics Based on PSMA PET Results

Characteristic All patients (n 5 1,004)*

Patients with negative
PSMA PET/CT results

(n 5 350)*

Patients with positive
PSMA PET/CT results

(n 5 654)* P

Age† 67.29 6 7.48 66.37 6 7.36 67.77 6 7.51 0.005

PSA level at time of PET
scan

,0.001

,0.2 41 (4.1) 20 (5.7) 21 (3.2)

0.2–0.5 188 (18.7) 104 (29.7) 84 (12.8)

0.5–1.0 232 (23.1) 108 (30.9) 124 (19.0)

1–2 235 (23.4) 77 (22.0) 158 (24.2)

2–4 206 (20.5) 35 (10.0) 171 (26.1)

.4 102 (10.2) 6 (1.7) 96 (14.7)

PSA doubling time† 11.18 6 13.15 12.97 6 14.04 10.22 6 12.56 0.002

Initial PSA before
therapy†

17.27 6 22.10 14.63 6 17.69 18.69 6 24.02 0.006

TNM ,0.001

T1 4 (0.5) 2 (0.6) 2 (0.4)

T2 439 (56.0) 208 (65.8) 231 (49.4)

T3 333 (42.5) 103 (32.6) 230 (49.1)

T4 8 (1.0) 3 (0.9) 5 (1.1)

Ongoing ADT 248 (24.7) 62 (17.7) 186 (28.4) ,0.001

Radiotherapy as first
treatment

224 (22.3) 35 (10.0) 189 (28.9) ,0.001

Time to relapse‡ 23.0 (8.0, 49.0) 22.5 (8.0, 48.0) 24.0 (9.0, 51.0) 0.57

GS ,0.001

7 613 (61.1) 242 (69.1) 371 (56.7)

8 196 (19.5) 66 (18.9) 130 (19.9)

9 180 (17.9) 40 (11.4) 140 (21.4)

10 15 (1.5) 2 (0.6) 13 (2.0)

Country income 0.07

High income 390 (38.8) 149 (42.6) 241 (36.9)

Upper middle income 509 (50.7) 160 (45.7) 349 (53.4)

Lower middle income 105 (10.5) 41 (11.7) 64 (9.8)

Continent 0.73

Africa 42 (4.2) 18 (5.1) 24 (3.7)

Asia 182 (18.1) 64 (18.3) 118 (18.0)

Europe 388 (38.6) 132 (37.7) 256 (39.1)

Latin America 392 (39.0) 136 (38.9) 256 (39.1)

*Data are reported as numbers of patients, with percentages of patients in parentheses, unless otherwise indicated.
†Data are reported as mean 6 SD.
‡Data are reported as median (25th percentile, 75th percentile).
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The PSMA PET/CT positivity rates per
anatomic site were 13.7% (138/1,004) in the
prostate or prostatic bed only; 3.9% (39/
1,004) in the prostate or prostatic bed and
pelvic lymph nodes; 20.5% (206/1,004) in
the pelvic lymph nodes only; and 27.0%
(271/1,004) in a metastasis at any site (bone
only in 10.0% [100/1,004]) (Table 2). In a
univariate analysis, factors associated with
positive PSMA PET/CT results were age,
the PSA level at the time of the PET scan,
PSA doubling time, the initial PSA level
before therapy, TNM, GS, ongoing ADT,
and radiotherapy as the first treatment. Logis-
tic regression showed that PSMA PET/CT
positivity was associated with the GS, the
PSA level at the time of the PET scan,
decreasing PSA doubling time, and radio-
therapy as the primary treatment (Table 3).
Of the 1,004 cases included in the present study, 12.4% (124

patients) had doubtful PET findings (as reported by local readers).
Of these, 90 patients had other positive findings, regardless of the
indeterminate one(s); thus, their scans were already defined as pos-
itive PSMA PET/CT scans. Of the remaining 34 patients (3.4%) in
whom the indeterminate lesion at PSMA PET/CT was the sole
finding, 3 were confirmed to have true-positive results on the basis
of follow-up data, whereas 31 (3.1%) were regarded as having
false-positive results (encompassing reactive lymph nodes, bone
fractures, trauma, and benign pulmonary lesions).

Impact of PSMA PET/CT on Clinical Management
Disease management changed in 56.8% of our cohort (570/

1,004) after PSMA PET/CT information was obtained. The follow-
ing changes occurred as a result of PSMA PET/CT: 77 patients
underwent active surveillance, 35 underwent radiotherapy only,
55 underwent radiotherapy and ADT, 152 underwent ADT only,
48 underwent salvage lymphadenectomy, 5 underwent bilateral
orchiectomy, 140 underwent second-generation ADT (abiraterone
or enzalutamide), 10 underwent radionuclide therapy, and 48
(patients with polymetastatic disease) started taxane chemotherapy.

Of the patients for whom there was no management change
motivated by PSMA PET/CT results (434/1,004; 43.2%), 118
remained under active surveillance, 57 underwent radiotherapy
only, 48 underwent radiotherapy and ADT, 5 underwent salvage
lymphadenectomy, 155 underwent ADT, 2 underwent bilateral
orchiectomy, 32 underwent second-generation ADT (abiraterone
or enzalutamide), and 17 (patients with polymetastatic disease)
started taxane chemotherapy (Fig. 4).

PSMA PET/CT Worldwide
The centers were grouped in 2 distinct ways: by country income

(high income: Israel, Italy, Poland, and Uruguay; upper middle
income: Azerbaijan, Brazil, Colombia, Jordan, Lebanon, Malaysia,
Mexico, South Africa, and Turkey; and lower middle income:
India and Pakistan) and by continent (Africa, America, Asia, and
Europe). There were no significant differences in PSMA PET/CT
positivity by lower middle income, upper middle income, and high
income (61%, 69%, and 62%, respectively) or by continent
(Africa: 57%; Asia: 65%; Europe: 66%; and Latin America: 65%)
(P 5 0.07 and P 5 0.73, respectively) (Table 1).

DISCUSSION

Our findings resonate with the available literature on the use of
PSMA PET/CT in the evaluation of PCa patients in the scenario
of BCR (3–8,10,20–44). We analyzed 4 main aspects of PSMA
PET/CT in this setting: positivity rate, clinical factors associated
with PSMA positivity, differences in performance with regard to
continents and incomes, and impact on clinical management. The
PSMA PET/CT positivity rate was 65.1%, similar to the positivity
rates reported in other studies, ranging overall from 63% to 75%
(10,14,16,21,22). Also, increasing PSA levels at the time of the
scan were associated with higher PSMA PET/CT positivity, with
rates similar to those previously reported (Supplemental Table 1);
the exception was higher PSMA PET/CT positivity in the group
with PSA levels of less than 0.2 ng/mL compared with the mean
in the available literature: 51.2% versus 36.8% (3–8,10,20–44).
This difference might be explained by the small number of
patients in this group in our cohort (41) but also by the small num-
ber of patients evaluated in the cohort of all patients (316). Never-
theless, 51.2% falls into the range observed in the literature
(11.3%–58.3%). In the other scenarios (PSA levels of ,0.5, ,1.0,FIGURE 2. Correlation between PSMA PET/CT positivity and GS.

FIGURE 3. Correlation between PSMA PET/CT positivity and PSA values.
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and ,2.0 ng/mL), the positivity rates were quite similar (44.7%
vs. 43.3%; 53.4% vs. 52.2%, and 67.2% vs. 58.9%, respectively).
The observed location of malignant lesions is in agreement with

those in previous reports, with lymph nodes being the principal site
of recurrence (24.4%), followed by local recurrence in the prostate
bed (17.6%), and with any metastatic disease in 27.0% (9,45).

Furthermore, higher positivity rates were
also associated with features of advanced
or aggressive disease other than increasing
PSA levels: a shorter PSA doubling time
(#10 mo) and a higher GS. These findings
are also in line with the current available
literature (42,46) and are likely due to the
presence of more neoplastic lesions and to
higher tumoral cell turnover, which pro-
vide more available sites for PSMA ligand
binding and, thus, lead to positive PET/CT
results.
One interesting finding was the associa-

tion of radiotherapy as a primary radical
treatment with PSMA PET/CT positivity in
the BCR setting. Although patients receiv-
ing radiotherapy represented only 22.3% of
all patients, they comprised 28.9% of
patients with positive PSMA PET/CT
results (P , 0.001). It is already known
that, in comparison to radical prostatec-

tomy, radiotherapy is associated with higher BCR rates (46). Our
results suggest that in addition to having more frequent residual/
recurrent disease, these patients are also more likely to have posi-
tive PSMA PET/CT scans in the BCR setting.
The most relevant finding is that there were no statistically signifi-

cant differences in PSMA PET/CT performance among continents
or among the different income categories in which the partici-
pants were distributed. This finding is important because it highlights
the fact that the great heterogeneities among nations do not seem to
interfere with each country’s capacity to provide high-quality PSMA
PET/CT studies in the appropriate medical centers.
PSMA PET/CT affected clinical management in more than half

of our cohort, as the therapeutic strategy was altered by PSMA
PET/CT results 56.8% of the time, similar to previous reports in
different studies (13,16,21).
Regarding the limitations of the present study, a major one is

that histopathology as a gold standard was available only in a few
cases. It is well known that histopathologic confirmation in all
patients is not feasible because of practical and ethical issues.
Hence, in most patients, a composite standard of reference (histopa-
thology and clinical and laboratory evaluations) was used. Another
important limitation is the relatively small percentage of patients
included in low-income countries and in Africa. Furthermore,

FIGURE 4. Impact of PSMA PET/CT on clinical management. MDT 5 metastasis-directed
therapy.

TABLE 2
Positive PSMA PET/CT Studies per Anatomic Site

Anatomic site
Result for positive

PSMA PET/CT studies*

Prostate or prostatic bed only 138 (13.7)

Prostate or prostatic
bed 1 lymph nodes

39 (3.9)

Lymph nodes only 206 (20.5)

Metastasis at any site 271 (27.0)

Bone only 100 (10.0)

*Data are reported as numbers of patients, with percentages of
patients in parentheses.

TABLE 3
Association of Clinical Covariates with Likelihood of Detection by PSMA PET/CT

Covariate Odds ratio z P

95% CI

Lower Upper

Age 1.01 1.69 0.091 0.99 1.03

PSA level at PCa diagnosis 0.99 20.05 0.958 0.99 1.01

GS 1.37 3.30 0.001 1.25 1.65

at time of PSMA PET/CT 1.72 7.57 0.001 1.47 1.97

PSA doubling time 0.98 23.30 0.001 0.97 0.99

Ongoing ADT 1.23 1.14 0.255 0.93 1.76

Radiotherapy first 2.17 3.56 0.001 1.42 3.34

PSMA PET/CT IAEA STUDY ( Cerci et al. 245



South Africa’s income and PSMA PET/CT availability are not rep-
resentative of the continent. Moreover, regarding the impact of
PSMA PET/CT on clinical management, the available data unfortu-
nately do not permit an evaluation of its effects on survival rates.
The endeavor of performing this multicenter, international

study, enrolling more than 1,000 patients from many countries
was made possible only through the combined efforts of several
different researchers and the support of the International Atomic
Energy Agency, a nonprofit agency, which enabled gathering of
this large and diverse cohort.

CONCLUSION

This multicenter, international, prospective trial of PSMA PET/
CT confirms its capability for detecting local and metastatic recur-
rences in most PCa patients in the setting of BCR. PSMA PET/CT
positivity was correlated with the GS, the PSA level at the time of
the PET scan, PSA doubling time, and radiotherapy as the primary
treatment. PSMA PET/CT results led to changes in therapeutic
management in more than half of the cohort. The present study
demonstrates the reliability and feasibility of PSMA PET/CT in
the workup of PCa patients with BCR.
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KEY POINTS

QUESTION: In a large international cohort of PCa patients in the
setting of BCR, how similar are PSMA PET/CT positivity rates and
impact on clinical management among countries on different
continents and with different incomes?

PERTINENT FINDINGS: PSMA PET/CT positivity was correlated
with the GS, serum PSA levels, and radiotherapy as the primary
treatment. An impact of PSMA PET/CT results on clinical
management was observed in most cases, and all findings were
similarly consistent regardless of the country.

IMPLICATIONS FOR PATIENT CARE: Our results confirm the
worldwide feasibility and usefulness of PSMA PET/CT in the
setting of PCa BCR.
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The European Association of Urology Biochemical Recurrence
Risk Groups Predict Findings on PSMA PET in Patients with
Biochemically Recurrent Prostate Cancer After Radical
Prostatectomy
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Our purpose was to evaluate the association of a new biochemical
recurrence (BCR) risk stratification system with PSMA-targeted
PET/CT findings. Methods: Two prospective studies that included
patients with BCR were pooled. Findings on PSMA PET were cata-
logued. Patients were characterized according to the European
Association of Urology BCR risk categories. Univariable and multivari-
able analyses were performed by logistic regression. Results: In total,
145 patients were included (45 low-risk and 100 high-risk). High-risk
BCR patients had a higher positive rate than low-risk patients (82.0%
vs. 48.9%; P , 0.001) and reached independent predictor status for
positive PSMA PET/CT scan results on multivariable logistic regres-
sion (odds ratio, 6.73; 95%CI, 2.41–18.76; P, 0.001). The area under
the curve using the combination of BCR risk group and prostate-
specific antigen was higher than that using prostate-specific antigen
alone (0.834 vs. 0.759, P 5 0.015). Conclusion: The European Asso-
ciation of Urology BCR risk groups define the candidates who can
most benefit from a PSMA PET/CT scan when BCR occurs.

Key Words: prostate cancer; BCR; prostate-specific membrane anti-
gen; PET
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Prostate cancer is the second most common cancer type and
the fifth leading cause of cancer death in men worldwide (1). In
patients who receive either radical prostatectomy (RP) or radio-
therapy to treat their primary tumors, approximately 30% will
develop biochemical recurrence (BCR) (2). Since, by definition,
prostate cancer at this stage is invisible on conventional imaging,
it is of importance to stratify BCR patients into different risk
groups in order to give intensive treatment to patients with aggres-
sive disease phenotypes.

The European Association of Urology (EAU) BCR risk stratifi-
cation system was proposed by the EAU prostate cancer guideline
update, which defines low-risk BCR after RP as patients with a
prostate-specific antigen (PSA) doubling time of more than 12 mo
and a Gleason score of less than 8; high-risk BCR after RP is
defined as patients with a PSA doubling time of no more than
12mo or a Gleason score of at least 8 (3). Validation of this risk
stratification system in 1,125 patients demonstrated that the 5-y
metastatic progression-free and prostate cancer–specific mortality-
free survival rates were significantly higher among patients with
low-risk BCR. Multivariable analysis confirmed the EAU risk
stratification as an independent predictor of metastatic progression
and prostate cancer–specific mortality (4).

With the recent advances in prostate-specific membrane antigen
(PSMA) PET/CT, our current definition of BCR may soon be
obsolete. We may need to begin rephrasing our clinical questions
in the context of PSMA positivity. We previously reported that
more than 60% of post-RP BCR patients had positive findings on
PSMA PET/CT, and according to a metaanalysis, the positive pre-
dictive value of PSMA PET/CT was 0.99 based on a histopatho-
logic gold standard (5–7).
The aim of the current study was to compare the detection rates

and the localization of PSMA-avid lesions in low-risk versus high-
risk BCR patients after RP and to evaluate the association of this
new risk stratification system with PSMA PET/CT findings.

MATERIALS AND METHODS

Patients
We pooled cohorts of patients with BCR from 2 prospective studies

at tertiary referral centers (Johns Hopkins Hospital and Renji
Hospital). The inclusion criteria of the patients in each cohort, as well
as technical details of the PSMA PET/CT scan (e.g., scanner, scan
protocol, and scan interpretation) have been previously reported (5,6).
Risk stratification was performed as proposed by Van den Broeck
et al. (3).

Pelvis-confined disease was defined by uptake of the radiotracer in
the prostate bed, pelvic soft tissue, or pelvic lymph nodes. PSA dou-
bling time was calculated as previously described (6), using the 3
most recent PSA values before PSMA PET/CT. If the slope of the
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linear regression was 0 (elevated but constant PSA) or negative
(decreasing PSA after initial increase), the PSA doubling time was set
as at least 12 mo.

Statistical Analysis
Logistic regression models were conducted for univariable and mul-

tivariable analyses, calculating odds ratios with 95% CIs to estimate
the associations between BCR risk stratification and outcomes, adjust-
ing for potential confounders. The predictive value of BCR risk strati-
fication was assessed using the receiver-operating-characteristic curve
and the area under the curve. Statistical testing was based on 2-sided
tests at the 5% level of significance. SAS software (version 9.4; SAS
Institute) was used.

RESULTS

Patients
In total, 145 patients were enrolled; 94 were scanned with

18F-DCFPyL PET/CT (Johns Hopkins Hospital), and 51 were
scanned with 68Ga-PSMA-11 PET/CT (Renji Hospital). Low-risk
BCR was present in 45 patients, and high-risk BCR in 100. Table
1 summarizes the clinical and pathologic characteristics of these
patients.

Imaging Findings
Of the 145 patients, 104 (71.7%) had at least one PSMA-

positive lesion on the PSMA PET/CT scan. High-risk BCR
patients had a significantly higher positive rate than the low-risk

BCR group (82.0% vs. 48.9%; P , 0.001; Fig. 1A). On multivari-
able logistic regression analyses adjusted for age, PSA at the time
of the scan, disease-free time, pathologic tumor stage (pT stage),
and cohort (Johns Hopkins Hospital or Renji Hospital), the BCR
risk group was an independent predictor for a positive PSMA
PET/CT result (odds ratio, 6.73; 95% CI, 2.41–18.76; P , 0.001;
Table 2). The median number of PSMA-positive lesions is 0
(interquartile range, 0–1) for low-risk BCR and 1 (interquartile
range, 1–3) for high-risk BCR. The multivariable linear regression
model was used to estimate the associations between BCR risk
group and lesion number. The model parameter b is 0.85, with sta-
tistical significance (P 5 0.037).
In PSA subgroups, the positive rates of patients with low-risk

BCR remained the same (40%) in groups with a PSA of less than
0.5 ng/mL and with a PSA of 0.5–1.0 ng/mL, whereas higher posi-
tive rates were observed with increasing PSA values in patients
with high-risk BCR. Nearly 95% of patients with a PSA of more
than 1.0 ng/mL in the high-risk group had detectable disease on
PSMA PET/CT, whereas the positive rate was 66.7% for low-risk
patients in the same PSA subgroup (Fig. 1B).
Of the 104 scan-positive patients, 56 (53.8%) had pelvis-

confined disease. The BCR risk group was not associated with
pelvis-confined disease (Table 2; Fig. 1C). Receiver-operating-
characteristic curves were generated to demonstrate the ability of
the BCR risk group and PSA to predict positive PSMA PET/CT
results. The areas under the curve using the BCR risk group or

TABLE 1
Demographics and Clinical Data for Study Cohort

Parameter BCR low risk BCR high risk P

Median age (y) 71 (IQR, 65–76) 69 (IQR, 63–73) 0.426

Cohort 0.288

Johns Hopkins Hospital 32 (71.1) 62 (62.0)

Renji Hospital 13 (28.9) 38 (38.0)

Median disease-free time (y) 5.1 (IQR, 3–8) 2.2 (IQR, 1.3–5.3) 0.012

Adjuvant therapy 44 (97.8) 86 (86.0) 0.242

Salvage therapy 36 (80.0) 85 (85.0) 0.688

PSA (ng/mL) at time of scan 0.195

,0.5 20 (44.4) 31 (31.0)

0.5–1 10 (22.2) 22 (22.0)

.1 15 (33.4) 47 (47.0)

PSADT (mo)* ,0.001

,12 0 (0.0) 87 (89.7)

$12 45 (100.0) 10 (10.3)

Gleason score ,0.001

,8 45 (100.0) 54 (54.0)

$8 0 (0.0) 46 (46.0)

pT stage 0.005

,pT3 33 (73.3) 48 (48.0)

$pT3 12 (26.7) 52 (52.0)

*PSA doubling time data of 3 Johns Hopkins Hospital patients are not available; however, all were high-risk based on Gleason scores.
BCR 5 biochemical recurrence; IQR 5 interquartile range; PSADT 5 PSA doubling time.
Data are number followed by percentage in parentheses, unless specified otherwise.
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PSA alone were comparable (0.761 vs. 0.759, P 5 0.96; Fig. 1D),
whereas the area under the curve using the combination of BCR
risk group and PSA was higher than PSA alone (0.834 vs. 0.759,
P 5 0.015; Fig. 1D).
Of the 145 total patients, 68 (46.9%) had recurrence or metasta-

sis in lymph nodes, 28 (19.3%) had bone metastasis, and 31
(21.4%) had prostate bed recurrence. On multivariable logistic
regression analyses, the BCR risk group was independently

associated with lymph node involvement
on PSMA PET/CT in all patients, includ-
ing those with negative scan results (odds
ratio, 2.38; 95% CI, 1.04–5.49; P 5 0.041;
Table 2). However, in 104 patients with
positive scan results, the BCR group was
not associated with the location of PSMA-
avid lesions (Fig. 2; Table 2).

DISCUSSION

We demonstrated that patients with
EAU high-risk BCR were more likely to
have PSMA PET/CT–detectable disease,
suggesting that tumor volume and distribu-
tion may help to explain the worse progno-
sis of those patients. Notably, even patients
with low-risk BCR had relatively high
detection rates on PSMA PET/CT, and the
rates of extrapelvic disease on positive
scans was similar between high- and low-
risk groups, suggesting that patients across
the BCR spectrum may be good candidates
for PSMA PET/CT imaging.
Previously, PSA has been reported as

the strongest predictor of a positive PSMA
PET/CT result (8). In this study, the added
value of the EAU BCR risk groups has
been demonstrated in a diverse population.
It further stratifies the patients in each PSA
subgroup, defining the patients who are
most likely to have a positive PSMA

PET/CT result. Use of EAU risk groups can serve as a simple
and clinically applicable nomogram for predicting whether patients
will have a positive scan result. The survival benefits from salvage
pelvic radiation or focal treatment of oligometastases in different
BCR risk groups in the context of PSMA PET/CT should be fur-
ther explored.
The EAU BCR risk groups are associated with meaningful

oncologic outcomes such as metastatic progression-free and

FIGURE 1. (A and B) Percentage of positive PSMA PET/CT scans among all patients (A) and
among PSA subgroups (B). (C) Prevalence of pelvis-confined disease in each risk group. (D) Area
under curve for detection of prostate cancer stratified by BCR risk group, PSA, and combination of
BCR risk group and PSA. Each receiver-operating-characteristic multivariable analysis model also
includes age, disease-free time, and pT stage. LN 5 lymph node; PB 5 prostate bed; ROC 5

receiver operating characteristic.

TABLE 2
Univariable and Multivariable Logistic Regression Models Stratified According to EAU BCR Risk Groups Predicting

Positive Findings, Pelvis-Confined Disease, and Disease Location on PSMA PET/CT Imaging

Univariable analysis Multivariable analysis

Outcome Odds ratio 95% CI P Odds ratio* 95% CI P

Positive PSMA PET/CT scan 4.76 2.19–10.35 0.000 6.73 2.41–18.76 0.000

Pelvis-confined disease 0.96 0.38–2.48 0.941 1.31 0.43–3.96 0.631

Lymph node involvement in all patients 2.60 1.24–5.47 0.012 2.38 1.04–5.49 0.041

Bone metastasis in all patients 3.24 1.05–9.96 0.041 2.50 0.76–8.24 0.133

Prostate bed recurrence in all patients 1.71 0.68–4.33 0.255 1.91 0.69–5.32 0.216

Lymph node involvement in PSMA-positive patients 1.10 0.41–2.94 0.846 0.97 0.31–3.01 0.960

Bone metastasis in PSMA-positive patients 1.86 0.57–6.08 0.303 1.44 0.38–5.48 0.594

Prostate bed recurrence in PSMA-positive patients 0.89 0.32–2.45 0.816 0.93 0.29–3.02 0.902

*Adjusted for age, PSA, disease-free time, pT stage, and cohort.
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prostate cancer–specific mortality-free survival rates (4), suggest-
ing that PSMA-targeted PET imaging will yield imaging bio-
markers. Imaging specialists, urologists, and oncologists working
with PSMA imaging should focus on the design of prospective tri-
als that can discover and validate the prognostic significance of
findings.
The limitations of this work include the relatively small number

of cases, post hoc evaluation of prospectively acquired data, use of
more than one PSMA-targeted radiotracer, and lack of central
review or a specific read paradigm. Future work is needed to con-
firm these findings in multicenter, larger prospective cohorts.

CONCLUSION

The EAU BCR risk groups define the candidates who can most
benefit from a PSMA PET/CT scan when BCR occurs.
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KEY POINTS

QUESTION: Are the EAU BCR risk groups associated with find-
ings on PSMA PET?

PERTINENT FINDINGS: In men with BCR after RP, the EAU
high-risk group is more likely to have visible sites of recurrent
disease on PSMA PET. However, low-risk and high-risk men
have the same likelihood of having non–pelvis-confined
disease.

IMPLICATIONS FOR PATIENT CARE: Risk stratification using
the EAU BCR risk groups can help select men who are most likely
to benefit from imaging with PSMA PET.
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Erratum

In the article “Comparative Prognostic and Diagnostic Value of Myocardial Blood Flow and Myocardial Flow
Reserve After Cardiac Transplantation,” by Miller et al. (J Nucl Med. 2020 Feb;61(2):249–255), Figures 1 and 4 con-
tain errors.
In Figure 1, the AUC for corrected MFR should be 0.714, as noted in the manuscript text as follows: “There were no

significant differences in the ability of stress MBF (AUC, 0.713), MFR (AUC, 0.749), or corrected MFR (AUC, 0.714) to
identify patients with significant CAV (Fig. 1).” In Figure 4, the labels for corrected and uncorrected MFR have been
switched. The correct AUC for uncorrected MFR should be 0.748 and for correct MFR should be 0.724. This is consistent
with the current manuscript text as follows: “Uncorrected MFR showed improved discrimination for all-cause mortality
compared with stress MBF (AUC, 0.748 vs. 0.639; P5 0.048).”
Due to these significant errors, we have re-reviewed the manuscript for any discrepancies between the manuscript text

and tables/figures. Additionally, we have repeated all analyses to ensure accuracy. During this process, we have not iden-
tified any additional errors.
Corrected versions of Figures 1 and 4 appear below; the authors sincerely regret these errors.

FIGURE 1. FIGURE 4.
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Kidney Doses in 177Lu-Based Radioligand Therapy in
Prostate Cancer: Is Dose Estimation Based on Reduced
Dosimetry Measurements Feasible?
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The radiation dose to the kidneys should be monitored in prostate
cancer patients treated with radioligand therapy (RLT) targeting the
prostate-specific membrane antigen (PSMA). We analyzed whether
pretherapeutic kidney function is predictive of subsequent kidney
dose and to what extent the cumulative kidney dose at the end of
multiple therapy cycles can be predicted from a dosimetry based on
the first cycle. Methods: Data of 59 patients treated with at least
2 cycles of 177Lu-PSMA-617 (PSMA RLT) were analyzed. Treatment
(median, 6 GBq/cycle) was performed at 6- to 8-wk intervals,
accompanied by voxel-based 3-dimensional dosimetry (measured
kidney dose) with SPECT/CT on each of days 0–3 and once during
days 6–9. Pretherapeutic kidney function (estimated glomerular filtra-
tion rate, mercaptoacetyltriglycine clearance) was correlated to the
kidney doses. Cumulative kidney doses at the end of treatment were
compared with a dose estimated from the population-based mean
kidney dose, individual first-cycle kidney dose, and mean kidney
doses of cycles 1, 3, and 5 per administered activity. Results: In
total, 176 PSMA RLT cycles were performed, with a median of
3 cycles per patient. The average kidney dose per administered
activity of all 176 cycles was 0.6760.24Gy/GBq (range,
0.21–1.60 Gy/GBq). Mercaptoacetyltriglycine clearance and esti-
mated glomerular filtration rate were no reliable predictors of subse-
quent absorbed kidney dose and showed only small effect sizes
(R250.080 and 0.014 [P 5 0.039 and 0.375], respectively). All sim-
plified estimations of cumulative kidney dose correlated significantly
(P , 0.001) with measured kidney doses: estimations based on the
individual first-cycle dose were more accurate than the use of the
population-based average kidney dose (R250.853 vs. 0.560). Dose
estimation was best when the doses of cycles 3 and 5 were
included as well (R25 0.960). Conclusion: Pretherapeutic renal
function was not predictive of subsequent kidney dose during ther-
apy. Extrapolation of individual data from dosimetry of the first cycle
was highly predictive of the cumulative kidney dose at the end of
treatment. This prediction was further improved by the integration
of dose information from every other cycle. In any case, because of
a high interindividual variance, an individual dosimetry is advisable.

Key Words: prostate-specific membrane antigen; radioligand ther-
apy; 177Lu; renal toxicity; kidney dosimetry
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DOI: 10.2967/jnumed.121.262245

Prostate-specific membrane antigen (PSMA) is frequently over-
expressed in prostate cancer. Aside from imaging with PET with
ligands targeting this antigen, 177Lu-based radioligand therapies
(PSMA RLTs) are an emerging and promising treatment option
in patients with metastatic castration-resistant prostate cancer (1).
The potential of PSMA RLT has been demonstrated in recent
phase II trials (2–4), and the effectiveness is currently under inves-
tigation in a multicenter phase III trial (NCT03511664).

Although PSMA RLT is generally well tolerated and shows only
mild side effects, the bone marrow, salivary glands, and kidneys
are considered to be potentially dose-limiting organs (5). In this
respect, PSMA RLT shares similarities with peptide-receptor radio-
nuclide therapy (PRRT) for neuroendocrine tumors, which also
show an overall good tolerability, with renal and hematopoietic tox-
icity being the main side effects. As the kidney dose has been a
major concern for PRRT, various protocols for nephroprotection by
coinfusion of amino acids have been developed over the years (6).
Traditionally, a tolerance dose of 23 Gy for the kidneys is assumed
in PRRT, based on external-beam radiation therapy data (7). As a
consequence, meticulous renal dosimetry is recommended in RLTs
and should be thoroughly integrated into treatment protocols (8).

Although the kidney dose in 177Lu-based PSMA RLT is in a
range similar to that when using PRRT with 177Lu-DOTATATE,
no protocol for nephroprotection has been established yet. Espe-
cially, there is no evidence that an amino acid coinfusion results in
a lower radiation exposure to the kidneys. On the basis of more
recent data on 177Lu-based therapies, a higher renal tolerability of
up to a 40-Gy cumulative kidney dose is assumed in PSMA RLT
in the absence of risk factors, also taking prognostic aspects of the
treated patient into account (5).
To accurately assess kidney doses in PSMA RLT, various pro-

cedures for dosimetry have been developed, ranging from simple
planar imaging (9) to more complex SPECT/CT-based protocols
(10). In this study, the kidney dose per cycle was determined on
the basis of a dosimetry protocol that includes 5 intratherapeuti-
cally acquired SPECT/CT scans. Using these data, we assessed
whether the cumulative kidney dose at the end of multiple therapy

Received Mar. 5, 2021; revision accepted May 5, 2022.
For correspondence or reprints, contact Michael Mix (michael.mix@

uniklinik-freiburg.de).
Published online Jun. 4, 2021.
COPYRIGHT! 2022 by the Society of Nuclear Medicine andMolecular Imaging.

DOSE ESTIMATION FOR RADIOLIGAND THERAPY ( Mix et al. 253



cycles can reliably be predicted from the dosimetry of the first
therapy cycle only.

MATERIALS AND METHODS

Patients
In this retrospective analysis, data of patients with metastasized

castration-resistant prostate cancer who had been treated with 177Lu-
labeled PSMA-617 between July 2015 and July 2020 were analyzed.
Patients were eligible for this analysis if 2 or more cycles of PSMA
RLT had been performed and complete 3-dimensional (3D) SPECT/
CT dosimetry data were available, including a late SPECT/CT image
from at least 6 d after injection.

Treatment eligibility and pretherapeutic examinations had been
done in accordance with the recommendations of the German Society
of Nuclear Medicine (11). Mercaptoacetyltriglycine (MAG3) renal
scintigraphy was used to determine pretherapeutic MAG3 clearance,
especially to exclude active ureter obstruction. Patients with proven,
treated previous obstruction and an inconspicuous MAG3 scan were
eligible for therapy.

According to the aforementioned guideline, a standard activity of
6GBq of 177Lu-DOTA-PSMA-617 was applied. A reduced activity
of 4GBq was used only in cases of reduced bone marrow function or
strongly impaired renal function.

The institutional review board (vote no. 326/18) approved this
study, and all subjects gave written informed consent.

Synthesis of 177Lu-DOTA-PSMA-617
177Lu-DOTA-PSMA-617 was produced in compliance with good

manufacturing practices using an automated radiosynthesis device (Mod-
ular-Lab PharmTracer) with low-bioburden single-use cassettes. The
commercially available precursor (ABX) and reagents were prepared and
sampled according to standard operating procedures. No-carrier-added
177LuCl3 was purchased from ITM, and the cassettes were supplied by
Eckert and Ziegler Eurotope GmbH. Before the synthesis was started,
177LuCl3 ($8GBq), ammonium acetate buffer (0.5 M, pH 5.4), 50% eth-
anol, and isotonic saline vials were connected to the cassette. The Sep-
Pak Light C-18 cartridge (Waters) was preconditioned with 4mL of 50%
ethanol and 6mL of isotonic saline. The synthesis was started by trans-
ferring 177LuCl3 ($8GBq) into the reaction vessel preloaded with 70mg
(67 nmol) of DOTA-PSMA-617 and 100mL of ethanol to prevent radiol-
ysis. The ammonium acetate buffer (700mL) was transferred through the
radioactive vial into the reaction vessel. The radiosynthesis was per-
formed at 75!C for 40 min in ammonium acetate buffer. The mixture
was subsequently passed through the preconditioned Sep-Pak Light C-18
cartridge and washed with isotonic saline. The final product was eluted
with 50% ethanol, diluted with isotonic saline and passed through a
0.22-mm sterile membrane filter into a presterilized product vial prefilled
with 100–200mL of Ditripentat-Heyl (diethylenetriaminepentaacetic
acid, solution for injection). The quality control was conducted in adher-
ence with European Pharmacopeia standards, including filter integrity
and pH testing, limulus amebocyte lysate testing, radionuclide identity
testing, and purity testing by determining the half-life and energy spec-
trum. Chemical and radiochemical purity ($97%) were identified by
radio-high-performance liquid chromatography, and the residual solvent
was identified by gas chromatography. Finally, after release, a sample of
the product formulation was tested for sterility by an independent institu-
tion (Biochem) according to the recommendations of the European Phar-
macopoeia and U.S. Pharmacopoeia using the direct inoculation method.

SPECT/CT Imaging and Dosimetry
At each therapy cycle, imaging for dosimetry was performed on

days 0–3, consisting of planar whole-body scans and abdominal
SPECT/CT (including kidneys, liver, and spleen) at 1, 24, 48, and 72 h

after injection. Moreover, 1 late SPECT/CT scan was acquired on an
outpatient basis in the following week on day 6, 7, 8, or 9 after injec-
tion (Fig. 1).

All acquisitions were performed on a SPECT/CT scanner (Bright-
View XCT; Philips Healthcare) equipped with medium-energy gen-
eral-purpose collimators. Measurements were done with an energy
window of 610% around the 208-keV peak. SPECT was measured
with 40 projections per head on a body-contour trajectory with a 128
3 128 matrix and a 20-s acquisition duration per projection. Attenua-
tion correction was based on a cone-beam CT scan (30 mAs at
120 kV); SPECT was reconstructed iteratively with the ordered-
subsets expectation maximization algorithm (4 iterations and 16 sub-
sets; postreconstruction filter, Butterworth; cutoff, 0.4; order, 1.4).
Whole-body scans were performed with a velocity of 20 cm/min and
an imaging matrix of 256 3 1,024 to document the tracer distribution.

The SPECT/CT system was calibrated for 177Lu by phantom meas-
urements with a National Electrical Manufacturers Association image-
quality phantom using the aforementioned imaging protocol. The
phantom body was filled with water, and two 500-mL volumes simu-
lating kidneys were inserted, one filled with 100 MBq of 177Lu and
the other with 200 MBq of 177Lu. Calibration measurements were
done 4 times, at an interval of every other day. The resulting calibra-
tion factor was 9.96 0.4 cps/MBq. 3D dose maps were calculated
using STRATOS, which is part of the IMALYTICS Research Work-
station (Philips Technology). The software package is based on the
MIRD formalism for voxel-based dose calculation by voxel S values
(12). The original SPECT images of each cycle were coregistered to
the CT portion of the last scan in STRATOS and resampled to a voxel
size of 4.42 3 4.42 3 4.42 mm in accordance with STRATOS’ voxel
S-value sizes. The integral of the time–activity curve for each image
voxel was calculated by the trapezoidal integration method until the
last imaging time points, followed by an exponential tail fit using the
physical half-life of 177Lu. Because of the late time point of SPECT/
CT after 6–9 d, the dose contribution of the tail fit is very low and
there is only a slight difference between the use of the physical half-
life or the individual effective half-life.

The software package Rover (ABX) was used for kidney segmenta-
tion and 3D dose-map analysis (13).

In accordance with current guidelines (5), pretherapeutic kidney
function before the first cycle was assessed using the estimated glo-
merular filtration rate according to the Chronic Kidney Disease Epide-
miology Collaboration (14) (eGFRt1) and MAG3 clearance derived
from renal scintigraphy performed before therapy in order to rule out
obstructions. Estimated glomerular filtration rate was again determined
approximately 2 wk before the third cycle (eGFRt2).

Statistics
For all patients and all cycles, the absorbed doses by the kidneys

were calculated using voxel-based 3D dosimetry (measured kidney
dose).

eGFRt1 and MAG3 clearance were correlated with the respective
kidney dose of the first cycle for every patient, and if applicable,
eGFRt2 was correlated to the third-cycle dose.

FIGURE 1. Schematic overview of SPECT/CT measurements performed
on days 0–3 (on inpatient basis) and on days 6, 7, 8, or 9 (on outpatient
basis).
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In all patients, the measured cumulative kidney dose was correlated
with the estimated cumulative dose, based on our cohort’s mean kid-
ney dose per administered activity (Gy/GBq) and on the individually
calculated first-cycle kidney dose per administered activity. Moreover,
to account for potential changes during therapy in patients receiving 4
or more therapy cycles, the extrapolation of the cumulative dose at the
end of the treatment was done with the individual kidney dose per
administered activity of every other cycle. In this case, the kidney
dose of even-numbered cycles (cycles 2, 4, and 6) was estimated from
the measured kidney dose of the therapy cycles taking place immedi-
ately beforehand (cycles 1, 3, and 5, respectively).

Correlations were based on linear regression using ANOVA for sig-
nificance analysis. Paired t tests were used for comparisons of eGFRt1/t2

and kidney doses at different cycles. All analyses were performed using
IBM SPSS statistics software, version 27. Arithmetic mean values were
calculated from the individual measurements and expressed at a preci-
sion of 1 SD (mean6SD).

RESULTS

Patient Treatment and Measured Kidney Doses
The data of 59 patients (aged 72.86 8.5 y; median, 74.6 y) with

advanced metastatic castration-resistant prostate cancer were eligi-
ble for analysis. The patients had received a median of 3 cycles of
177Lu-PSMA-617 (2 cycles, n5 28; 3 cycles, n5 11; 4 cycles,
n5 16; 5 cycles, n5 1; 6 cycles, n5 3) at 6- to 8-wk intervals
(total, 176 cycles). Average activity per cycle over all patients and
cycles was 5.76 0.8GBq (median, 6.0GBq) of 177Lu-PSMA-617
(cycle 1, 5.66 0.9GBq; cycle 2, 5.86 0.7GBq; cycle 3,
5.66 1.0GBq; cycle 4, 6.06 0.2GBq; cycle 5, 5.96 0.3GBq;
and cycle 6, 5.96 0.4GBq). The cumulative measured kidney
doses in all 59 patients after PSMA RLT ranged from 3.4 to 25.3
Gy. Average kidney dose per administered activity over all
patients and cycles (n5 176) was 0.676 0.24 Gy/GBq (range,
0.21–1.60 Gy/GBq). The respective kidney dose for each cycle is
shown in Table 1. Average kidney doses per cycle did not differ
significantly (P5 0.217; Fig. 2). Details on kidney doses depend-
ing on the number of cycles administered can be found in Supple-
mental Table 1 (total kidney dose) and Supplemental Table 2 (left
and right kidney separately assessed) (supplemental materials are
available at http://jnm.snmjournals.org).

Renal Function and Kidney Dose
The eGFRt1 ranged from 29.4 to 116.7mL/min/1.73m2 (76.56

14.4mL/min/1.73m2). According to Kidney Disease Improving
Global Outcomes (KDIGO) criteria (15), 13 patients presented with
normal (KDIGO G1), 39 with mildly decreased (KDIGO G2), and
5 with a mildly to moderately decreased (KDIGO G3a) kidney func-
tion. One patient each presented with moderately to severely
decreased (KDIGO G3b) and severely decreased (KDIGO G4)

kidney function. MAG3 clearance ranged from 115 to 307mL/min/
1.73 m2 (202.86 28.3mL/min/1.73 m2) and correlated poorly with
eGFRt1 (R25 0.167, P5 0.002). The kidney dose per administered
activity (Gy/GB) observed after the first cycle correlated neither with
eGFRt1 (R25 0.014, P5 0.375) nor with MAG3 clearance (R25
0.080, P5 0.039), with small effects of determination only. Simi-
larly, the kidney dose per administered activity (Gy/GBq) of the first
cycle did not correlate (R2, 0.001, P5 0.85) with the amount of
activity used (2.09–6.47GBq). In particular, the 2 patients with more
severely reduced kidney function did not receive higher kidney doses
per gigabecquerel than did the other patients (0.69 and 0.48 Gy/GBq
for KDIGO G3b and KDIGO G4, respectively). In 31 patients,
eGFRt2 was determined; it ranged from 41.5 to 95.80mL/min/
1.73m2 (72.36 17.0mL/min/1.73 m2). There was no correlation
between eGFRt2 and the kidney dose (Gy/GBq) of the third cycle
(R25 0.001, P5 0.993), and no significant change between eGFRt1

and eGFRt2 was observed (P5 0.96).

Predicted and Measured Kidney Doses
In all 59 patients, correlations between the measured and esti-

mated cumulative kidney dose at the end of treatment were signifi-
cant (P , 0.001). However, the use of the population-based mean
kidney dose of 0.67 Gy/GBq for the prediction of the kidney doses
at the end of treatment resulted in a greater variance (R25 0.560)
than did the use of the individual first-cycle dose per administered
activity (Gy/GBq) (R25 0.853). As expected, the approach using
an individual dosimetry at every second cycle resulted in the best
prediction (R25 0.960; Fig. 3).
Twenty patients received 4 or more cycles. Using the same dose

estimation methods in this subgroup, the use of the mean kidney

TABLE 1
Kidney Dose per Administered Activity at Each Cycle

Kidney dose
(Gy/GBq)

Cycle 1 (n 5 59
patients)

Cycle 2 (n 5 59
patients)

Cycle 3 (n 5 31
patients)

Cycle 4 (n 5 20
patients)

Cycle 5 (n 5 4
patients)

Cycle 6 (n 5 3
patients)

Mean 0.68 0.70 0.65 0.66 0.43 0.58

SD 0.24 0.23 0.26 0.31 0.04 0.18

Minimum 0.28 0.21 0.33 0.29 0.39 0.39

Maximum 1.29 1.44 1.32 1.60 0.48 0.74

FIGURE 2. Comparing kidney dose per administered activity (Gy/GBq)
distribution per cycle (59 patients); no significant changes in any of 6
cycles were observed (P5 0.217).
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dose of 0.67 Gy/GBq did not result in a meaningful prediction
(R25 0.166, P5 0.074). In contrast, the individual-based dosimetry
estimations still correlated significantly with the measured cumula-
tive kidney dose (P , 0.001). Dosimetry relying only on the first
cycle showed a lower coefficient of determination than the approach
using every other cycle (R25 0.630 vs. R25 0.947; Fig. 4).

DISCUSSION

In the present study, the average kidney dose per administered
activity was 0.676 0.24 Gy/GBq of activity when performing a
treatment with 6.0GBq of 177Lu-PSMA-617. In comparison to the
kidney doses reported in the European Association of Nuclear

Medicine procedure guideline for PSMA-based RLT (5), this dose
average is in the upper range of the reported dose of 0.46 0.2 to
0.86 0.3 Gy/GBq. This finding is not surprising, as we used rec-
ommended late-time-point measurements in the week after therapy
(16) to avoid dose underestimation. In that sense, our results were
consistent with the results of SPECT/CT-based dosimetry proto-
cols also using late time points (5).
In accordance with the kidney dosimetry results reported by

Okamoto et al. (9), who also included the important late time
points in their dose calculations, we observed an intraindividually
relatively constant development of kidney dose in our patients
using fixed activities. Especially in responders to therapy, we did
not observe postulated tumor sink effects (17), such as a reciprocal
increase in intraindividual kidney dose per cycle due to decreasing
tumor burden.
With a state-of-the-art multi-SPECT/CT 3D dosimetry approach,

the high coefficients of determination in cumulative kidney dose
based on personalized dosimetry show the feasibility of a linear
extrapolation of the individual kidney dose within the bounds of a
rigid treatment setting (i.e., activity and time intervals). Our data
suggest that an individual dosimetry of the first cycle sufficiently
predicts the cumulated kidney dose at the end of treatment. Obvi-
ously, we see a higher coefficient of determination for the estimated
cumulative kidney dose when also including dosimetry data from
cycles 3 and 5 (if applicable). Considerations comparable to our
results in the prediction of kidney dose have been reported for
PRRT in neuroendocrine tumors based on the dosimetry of the first
2 cycles (18). In addition to these dose prediction approaches,
measures such as a reduction in the number of CT or SPECT/CT
acquisitions per cycle (18,19) have been suggested to simplify
often-elaborate dosimetry protocols (20). These simplifications
would not only free scanner and staff capacities at the nuclear med-
icine facility but also improve patient comfort (21,22). Considering
this, our approach of a thorough dosimetry of the first cycle fol-
lowed by extrapolation appears to be a viable option, again pro-
vided that crucial late measurement time points are also included in
such protocols to avoid potential underestimation (16,23). How-
ever, especially when aiming at a more streamlined dosimetry or
larger dosimetry intervals, the high interindividual variation of the
resulting kidney dose after PSMA RLT (0.28–1.29 Gy/GBq at the
first cycle in our cohort), likewise observed in PRRT (23,24), must

FIGURE 3. Correlations of estimated and measured cumulative kidney
dose in all 59 patients based on 3 models. The good correlation and coef-
ficient of determination that were seen when extrapolation was done using
individual dose per administered activity from first-cycle dosimetry (A) can
be further improved when data of cycles 3 and 5 are also considered (B).
In contrast, poorest coefficient of determination was observed using
population-based average kidney dose only (C), in which estimation
resulted in systematic dose underestimation, as can be seen in slopes.

FIGURE 4. Correlation of estimated and measured cumulative kidney
dose in 20 patients receiving 4 or more therapy cycles based on dosimetry
of cycle 1 only (red) and cycles 1, 3, and 5 (blue). Use of individual average
kidney dose from every second cycle greatly improves associated coeffi-
cient of determination.
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be considered. The poor cumulative dose estimation using a
population-based mean kidney dose only, especially if patients
received 4 or more cycles, shows that a reliable individual dosime-
try is essential. Accordingly, one should refrain from using average
kidney dose values from the literature for the prediction.
Our results showed that the pretherapeutic renal function was

not predictive of the subsequent kidney dose during therapy.
In our cohort, 57 of 59 patients had normal or only slightly
impaired renal function before PSMA RLT. Even taking the 2
patients with more severely impaired kidney function, KDIGO
G3b and G4, into account, we observed neither an association
between pretherapeutic kidney function (eGFRt1) and the first-
cycle kidney dose nor an association between kidney function after
2 cycles (eGFRt2) and kidney dose at the third therapy cycle.
Although the association between the kidney dose of the first cycle
and MAG3 clearance was significant, the associated effect size
was very small (R25 0.062). These observations imply that kidney
function alone is not sufficient for the prediction of the resulting
kidney dose.
Although the role of potential risk factors for kidney damage

(25), such as age, arterial hypertension, or previous renal impair-
ment, still remains to be determined, retrospective PSMA RLT
series have reported mild renal toxicity of grade 1 or 2 only
(25,26). Safe administration of PSMA RLT is also possible even
in patients with only a single kidney (27). These observations
were confirmed by the updated analysis of the prospective phase II
177Lu-PSMA trial indicating that approximately 4 cycles of RLT
are well tolerated and that renal impairment is to be expected only
after a higher number of cycles (3). Similarly, nephrotoxicity was
not a major adverse event in the recently published phase II
TheraP trial (4). These observations on renal tolerance in 177Lu-
PSMA RLT are partly comparable to data on renal tolerance of
177Lu-DOTATATE, as the phase III NETTER-1 trial did not show
higher-grade (3 or 4) renal toxicity during the median 14 mo of
follow-up (28). Even secondary salvage PRRT is sufficiently toler-
ated by the kidneys, whereas high-grade hematotoxicity is a more
relevant issue (29). In this aspect, hematotoxicity may also be a
more relevant side effect in patients with renal impairment, as a
slower renal excretion might result in a longer exposure of the
bone marrow due to circulating radioligand.
Although long-term data on the renal safety of PSMA RLT are

still warranted, observations from PRRT suggest that the develop-
ment of renal impairment is gradual and occurs over many years
(30). Considering the often poorer prognosis of advanced meta-
static castration-resistant prostate cancer than of neuroendocrine
tumor disease, the individual risk of actually experiencing late kid-
ney damage also has to be taken critically into account (5). Addi-
tionally, the risk of premature discontinuation of therapy in PSMA
RLT due to disease progression and development of resistance to
therapy must be heeded. Only one third of our patients received 4
or more therapy cycles, and as a consequence, only 6 patients had
a cumulated kidney dose that came close to or even slightly sur-
passed the aforementioned conservative threshold of 23 Gy. Thus,
in our cohort with a limited number of patients, kidney dose was
not a reason for discontinuation of therapy.

CONCLUSION

For a current standard PSMA RLT treatment protocol, the result-
ing kidney doses were independent from pretherapeutic kidney func-
tion. Because of the observed almost linear correlation between

treatment activity and the cumulative kidney dose in individual
patients, a prediction of the cumulative kidney dose with dosimetry
results from only the first cycle seems to be feasible. On the basis of
our findings for patients with more than 4 therapy cycles, we recom-
mend that dedicated dosimetry be performed during every other ther-
apy cycle; this schedule offers a good compromise between effort,
patient comfort, and accuracy in determining the estimated cumula-
tive kidney dose.
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KEY POINTS

QUESTION: Is an accurate prediction of kidney dose in 177Lu-
PSMA RLT in prostate cancer patients feasible with reduced
SPECT/CT measurements for dosimetry?

PERTINENT FINDINGS: A simplification of intratherapeutic imag-
ing protocols by performing dosimetry only at the first or every
other therapy cycle is feasible.

IMPLICATIONS FOR PATIENT CARE: A reduction of dosimetry
measurements improves patient comfort and frees scanner and
staff capacities, but an individual kidney dosimetry is essential for
accurate dose estimation.
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a-Particle emitters targeting the prostate-specific membrane antigen
(PSMA) proved effective in treating patients with prostate cancer who
were unresponsive to the corresponding b-particle therapy. 211At is
an a-emitter that may engender less toxicity than other a-emitting
agents. We synthesized a new 211At-labeled radiotracer targeting
PSMA that resulted from the search for a pharmacokinetically opti-
mized agent.Methods: A small series of 125I-labeled compounds was
synthesized from tin precursors to evaluate the effect of the location
of the radiohalogen within the molecule and the presence of lutetium
in the chelate on biodistribution. On that basis, 211At-3-Lu was
selected and evaluated in cell uptake and internalization studies, and
biodistribution and PSMA-expressing (PSMA1) PC3 PIP tumor
growth control were evaluated in experimental flank and metastatic
(PC3-ML-Luc) models. A long-term (13-mo) toxicity study was per-
formed for 211At-3-Lu, including tissue chemistries and histopathol-
ogy. Results: The radiochemical yield of 211At-3-Lu was 17.8% 6

8.2%. Lead compound 211At-3-Lu demonstrated total uptake within
PSMA1 PC3 PIP cells of 13.4 6 0.5% of the input dose after 4 h of
incubation, with little uptake in control cells. In SCID mice, 211At-3-Lu
provided uptake that was 30.6 6 4.8 percentage injected dose per
gram (%ID/g) in PSMA1 PC3 PIP tumor at 1 h after injection, and this
uptake decreased to 9.46 6 0.96 %ID/g by 24 h. Tumor–to–salivary
gland and tumor-to-kidney ratios were 1296 99 at 4 h and 1306 113
at 24 h, respectively. Deastatination was not significant (stomach,
0.34 6 0.20 %ID/g at 4 h). Dose-dependent survival was demon-
strated at higher doses (.1.48 MBq) in both flank and metastatic
models. There was little off-target toxicity, as demonstrated by hema-
topoietic stability, unchanged tissue chemistries, weight gain rather
than loss throughout treatment, and favorable histopathologic find-
ings. Conclusion: Compound 211At-3-Lu or close analogs may pro-
vide limited and acceptable toxicity while retaining efficacy in
management of prostate cancer.

Key Words: prostate cancer; a-emitter; radiopharmaceutical therapy;
211At; PSMA;murinemodels
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Radiopharmaceutical therapy targeting prostate-specific mem-
brane antigen (PSMA) using low-molecular-weight agents is
becoming viable for metastatic prostate cancer (1–3). Such treat-
ments have used b-particle emitters, including 131I and 177Lu, or
a-particle emitters such as 213Bi, 212Pb, 227Th, and 225Ac (4–10).
To date, most clinical trials have used 177Lu. In one such trial,
PSA levels decreased by over 50% in 57% of patients (11).
PSMA-targeted a-particle emitters may be even more promising,
as evidenced by treatment with an 225Ac-labeled agent
producing a significant tumor response in patients who were unre-
sponsive to prior b-emitter therapy (12,13). However, the side
effect of xerostomia from uptake of the agents in the salivary
glands, and the potential of long-term renal toxicity, remain possi-
ble limitations.
A possible issue with a-emitters such as 225Ac is that multiple

a-emitting daughters are generated from a-emitting parents, and in
each case the energy imparted by the nuclear recoil effect is orders
of magnitude greater than chemical bonds. That energy makes the
release of the radioactive daughters from the targeting vector
extremely likely, which can then lead to unintended irradiation of
nontarget tissues (14,15). Our approach has been to use the radio-
halogen 211At, which emits a single a-particle per decay. That strat-
egy may permit greater control on the targeting of the therapeutic
radiation, thereby reducing the chance of off-target effects. It
should be noted that 58% of the a-particles emitted during 211At
decay do involve a chemical transformation of astatine to polonium
before a-emission. In that case, the parent decays by electron cap-
ture, not a-emission; the a-emitting 0.52-s half-life 211Po daughter
is therefore not nuclear-recoil–afflicted. Even with worst-possible-
case assumptions—that 211Po escapes immediately from the cell
surface and can freely diffuse—nearly 100% of 211Po atoms should
decay within 2 cell diameters from the original cell surface (16).
The second 211At decay branch (42%) is by direct a-particle emis-
sion to 207Bi, which has a 32.9-y half-life. That long-lived radioac-
tive daughter is not of concern because about 100,000 decays of
211At are needed to produce a single decay of 207Bi. Accordingly, a
370-MBq (10 mCi) hypothetical patient dose of an 211At-labeled
PSMA agent would yield approximately 3.7 kBq ($0.1 lCi) of
207Bi, a level that is only 0.1% of the annual limit of intake recom-
mended for 207Bi by the Nuclear Regulatory Commission (3.7
MBq [100 lCi]) (17). Despite these issues, we believe 211At
remains the best option for a-therapy.
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Our previous studies used the following compounds, shown in
Figure 1: DCABzL, HS-549, GV-620, GV-904, and YC-550. The
initial compound studied, 211At-DCABzL, showed high and pro-
longed uptake in PSMA-expressing (PSMA1) tumor xenografts
and renal cortex, with moderate uptake in thyroid and stomach,
likely from dehalogenation (18). Despite that suboptimal biodistri-
bution, we were able to demonstrate a treatment-related increase
in survival in both flank tumor xenograft and micrometastatic
models with a single dose of 0.74 MBq (20 lCi) and 0.11–0.37
MBq (3–10 lCi), respectively (18). From long-term toxicity stud-
ies, we determined that the dose-limiting toxicity was late radia-
tion nephropathy (18). Using the 211At-labeled analogs YC-550,
HS-549, GV-904, and GV-620 (Fig. 1), we observed faster renal
clearance in mice than was seen with 211At-DCABzL. However,
in vivo dehalogenation or off-target organ uptake remained an
issue (19).
Here, we describe a new 211At-labeled PSMA-targeted com-

pound with high stability in vivo and rapid clearance from off-
target tissues (including kidneys, salivary and lacrimal glands) in
mice. We also demonstrate a dose-dependent therapeutic effect in
flank xenograft and metastatic tumor models of prostate cancer.

MATERIALS AND METHODS

Reagents, Cell Lines, and Animal Models
Chemistry. The syntheses of compounds 4 (Fig. 1) and its tin pre-

cursor, 15, as well as of unlabeled compounds 3, 3-Lu, and their tin
precursor, 9, are outlined in Figures 2 and 3 and are described in detail
in the supplemental materials (available at http://jnm.snmjournals.org
[20–22]). The PSMA-binding affinity of compounds 3 and 4 was
determined using a fluorescence-based assay we have previously
reported (18).
Radiochemistry. Sodium 125I-iodide in 10 lM NaOH (pH 8–11)

was purchased from Perkin Elmer. 211At was produced on the Duke
University CS-30 cyclotron via the 209Bi(a,2n)211At reaction on natu-
ral bismuth targets (23,24).

We investigated 2 methods (A and B) for the preparation of
125I-3-Lu and 211At-3-Lu (Fig. 2). Method A included purification of

125I/211At-3 before complexation with 175Lu(III), whereas in method B
lutetium complexation was performed in situ without purification of
the intermediate. In both methods, the final compound was purified
by high-performance liquid chromatography. Radiosynthesis of 211At-
3-Lu by method B began with a solution of 211At in 0.02% N-chloro-
succinimide in methanol (600 lL; 638 MBq [17.3 mCi]) that was
added to 310 lg (204 nmol) of compound 9 in a borosilicate screw
cap vial followed by 12 lL of glacial acetic acid. The vial was capped,
shaken, and allowed to stand at room temperature for 10 min. The
reaction mixture was concentrated to dryness using a stream of nitro-
gen at 60!C. A 95:5 mixture of trifluoroacetic acid:water (200 lL)
was added, and the vial was heated at 60!C for 30 min. Volatiles were
evaporated using a stream of nitrogen at 60!C. Sodium acetate buffer
(0.1 M), pH 4.5 (500 lL), and a solution of Lu(NO3)3 in 0.1 M HCl
(65 lL; 325 nmol) were added to the residue, and the solution was
mixed with a micropipette. That solution was heated at 60!C for 20
min, 100 lL of 5 mM ethylenediaminetetraacetic acid was added,
and the reaction mixture was diluted with 600 lL of water. The
final product was purified by high-performance liquid chromatogra-
phy. For this, a Phenomenex Luna C18 column (2503 4.6 mm, 10
lm) was eluted at a flow rate of 1 mL/min with a gradient consist-
ing of 0.1% trifluoroacetic acid in both water (solvent A) and aceto-
nitrile (solvent B). The proportion of B was linearly increased from
15% to 40% over 30 min. Under those conditions, 211At-3-Lu [54
MBq (1.47 mCi)] eluted at 22.5 min. Pooled high-performance liq-
uid chromatography fractions containing 211At-3-Lu were diluted to
20 mL with water and were loaded onto a Waters Oasis HLB Light
Sep-Pak. The cartridge was washed with 5 mL of water and dried
under a stream of nitrogen, and the product was eluted with 0.5 mL
of ethanol. The eluate was concentrated using a stream of nitrogen,
and the activity was reconstituted in saline. Detailed radiosyntheses
of 211At-3-Lu by method A, and syntheses of 125I-3, 125I-3-Lu,
125I-4, and 125I-4-Lu, are presented in the supplemental materials.
Radiolabeling yields for 125I/211At-3 and 125I/211At-3-Lu are summa-
rized in Tables 1 and 2.
Cell Lines and Culture Conditions. PSMA1 PC3 PIP and

PSMA-negative (PSMA2) PC3 flu cells were maintained as previ-
ously described (25–27). For the experimental metastatic model,
parental PC3-ML-Luc cells were obtained from Dr. Mauricio Reginato

(Drexel University). Those cells are character-
ized in Supplemental Figure 1. Cell lines
were maintained Mycoplasma-free through
biweekly testing with the MycoAlert Myco-
plasma detection kit (Lonza).
Animals. Animal studies conformed to

protocols approved by the Johns Hopkins
Animal Care and Use Committee. Johns Hop-
kins University has an approved Public
Health Service Policy, and the approved pro-
tocols follow this and Animal Welfare Act
regulations. NSG (NOD/SCID/IL2Rgnull)
mice were obtained from the Animal Resour-
ces Core of the Johns Hopkins Sydney Kim-
mel Comprehensive Cancer Center.

In Vitro Studies
PSMA1 PC3 PIP cells were plated at 5 3

105 cells per well and incubated overnight.
Cells were then incubated with 211At-3 in
medium ($3.7 kBq/100 lL) at 37!C for 0.5,
1.0, 2.0, and 4.0 h. Cell culture supernatant
was removed, and the cells were processed as
before (18). Cell-associated radioactivity was
calculated as percentage of input dose. TheFIGURE 1. PSMA-targeted agents.
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internalized fraction of radioactivity was determined by solubilizing
cells with 1% SDS cell lysis buffer after removing the unbound frac-
tions and cell surface–bound fractions (by washing with glycine-HCl
buffer). To determine binding specificity, PSMA1 PC3 PIP cells were
coincubated with 211At-3 and the known PSMA inhibitor (R, S)-2-
(phosphonomethyl)pentanedioic acid (100 lM) (28).

In Vivo Studies
Biodistribution. Six- to 8-wk-old male NSG mice were implanted

subcutaneously with PSMA1 PC3 PIP (1.5 3 106) and PSMA2 PC3
flu cells (1 3 106) in 100 lL of Hanks balanced salt solution (Cellgro;
Corning) at the forward right and left flanks, respectively. Mice were
used in ex vivo biodistribution assays when the xenografts reached
5–7 mm in diameter. Biodistribution experiments were performed in
the above mice bearing both PSMA1 PC3 PIP and PSMA2 PC3 flu
flank xenografts after an intravenous bolus of 37 kBq (1 lCi) of
125I-4, 125I-4-Lu, 125I-3, 125I-3-Lu, or 211At-3-Lu. Tissues harvested at
1, 4, and 24 h after injection (n 5 5 per time point) included blood,
heart, lung, liver, spleen, pancreas, stomach, small intestine, large
intestine, fat, muscle, salivary gland, lacrimal gland, kidney, bladder,
PSMA1 PC3 PIP tumor, and PSMA2 PC3 flu tumor. Each tissue
was weighed, and the associated radioactivity was measured with an
automated g-counter (2480 Wizard; Perkin Elmer). The percentage
injected dose (%ID) was calculated using a known dilution of %ID.
All measurements were corrected for decay. Data are expressed as

%ID/g of tissue or per organ (%ID) for organs that were too small for
accurate dissection. All data are expressed as mean 6 SD.
Antitumor Efficacy in Subcutaneous Xenograft Model. PSMA1

PC3 PIP and PSMA2 PC3 flu cells were implanted subcutaneously in
male NSG mice as described above. When tumor diameter reached
5–7 mm, a single intravenous injection was performed with saline or
with 0.24 MBq (6.6 lCi), 0.74 MBq (20 lCi) , 1.48 MBq (40 lCi), or
3.7 MBq (100 lCi) of 211At-3-Lu (n 5 5 per group). Tumor progres-
sion was monitored by measuring subcutaneous tumor volume
[(width2 3 length)/2 mm3] using a caliper. A tumor volume increase
of more than 4-fold was scored as death of the animal, at which point
it was euthanized.
Antitumor Efficacy in Metastatic Model. Four- to 6-wk-old NSG

mice were injected intravenously with 1 3 106 PC3-ML-Luc cells sus-
pended in 200 lL of Hanks balanced salt solution to form micrometa-
static deposits. One week after injection of cells, the mice were
injected intravenously with 0 MBq (0 lCi; saline), 0.185 MBq
(5 lCi), 0.37 MBq (10 lCi), 0.74 MBq (20 lCi), 1.48 MBq (40 lCi),
or 3.7 MBq (100 lCi) of 211At-3-Lu (n 5 5 per group). Metastatic
tumor progression was monitored by in vivo bioluminescence imaging
and survival of injected animals. Weekly bioluminescence imaging
was performed using the IVIS Spectrum in vivo imager (Perkin-
Elmer). Mice were sacrificed and scored as death if they lost more
than 20% of body weight or had signs of discomfort, such as hunched
posture, anorexia, or dehydration. For both animal models, the proba-
bility of survival was characterized by Kaplan–Meier curves using
Prism software (GraphPad Software).
Long-Term Toxicity. Healthy 11-wk-old male CD1 mice (Charles

River) weighing 35–40 g received intravenous injections of 0 MBq (0
lCi; saline), 0.24 MBq (6.6 lCi), 0.74 MBq (20 lCi), or 1.48 MBq
(40 lCi) of 211At-3-Lu (n 5 5 per group). Mice were monitored for
13 mo with a health inspection daily and a weight measurement twice
per week. Monthly urinalysis was performed for specific gravity and
urine protein content using Chemstrip test strips (Roche Diagnostics).
After 13 mo, the mice were euthanized in a CO2 chamber, and blood,
kidney, salivary glands, and lacrimal glands were collected. Complete
blood counts, including white blood cells, red blood cells, hemoglobin,
hematocrit, mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular hemoglobin concentration, and platelets, were mea-
sured using the scil Vet ABC hematology analyzer (scil Animal Care
Co.). Blood chemistry testing for blood urea nitrogen, glucose, alka-
line phosphatase, total protein, alanine aminotransferase, and creati-
nine was performed using a Spotchem EZ chemistry analyzer (Arkray
USA). Histopathologic evaluation was performed by a certified veteri-
nary pathologist for kidneys, salivary glands, and lacrimal glands with
hematoxylin and eosin–stained slides of each tissue.

Statistics
Survival analyses for the metastatic and subcutaneous models were

performed using Prism software (version 9; GraphPad Software). P
values were calculated by the log-rank (Mantel–Cox) test and were
considered significant if less than 0.05.

RESULTS

Chemistry
Because of the promising results obtained with 177Lu-1 and

177Lu-2, our strategy was to replace the nonradioactive bromine or
iodine atom with 125I and evaluate their biodistribution in tumor-
bearing animals with or without chelated nonradioactive
lutetium (125I-3 and 125I-3-Lu [inhibition constant, 0.09–34 nM
(29)]; Fig. 2). For comparison, we also synthesized and evaluated
125I-4 and 125I-4-Lu (Fig. 3), where the radioiodine was

FIGURE 2. Synthesis of compound 3, 3-Lu, radiolabeling of precursor
9, 125I-3, 125I-3-Lu, and 211At-3-Lu. Reagents and conditions: 4-(tributyl-
stannyl)benzaldehyde, methanol, sodium cyanoborohydride (a); 5-(Fmo-
c-amino)valeric acid, O-(N-succinimidyl)-N,N,N9,N9-tetramethyluronium
tetrafluoroborate, N,N-diisopropylethylamine, dimethylformamide (b);
20% piperidine in dimethylformamide (c); DOTA-N-hydroxysuccinimide
tri-tert-butylester, N,N-diisopropylethylamine, dimethylsulfoxide (d); I2,
CH2Cl2 (e); 1/1 trifluoroacetic acid/CH2Cl2 (f); 0.2 M NH4OAc, dimethyl-
sulfoxide, 5 mM 175Lu(NO3)3"H2O in 0.1N HCl, 70!C, 20 min (g, step i),
ethylenediaminetetraacetic acid (g, step ii); Na125I or 211At, methanol, gla-
cial acetic acid, room temperature, 20 min (h); and trifluoroacetic acid,
60–70!C, 30–45 min (j).
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incorporated into the linking group, and each contained a
4-bromobenzyl moiety as in compound 1. The 211At-labeled ana-
log of the most promising iodinated compound was synthesized
and evaluated. The binding affinity of unlabeled compounds 3 and
4 was as follows: half-maximal inhibitory concentration, 1.51 nM
(95% CI, 0.62–3.64 nM); inhibition constant, 0.30 nM (95% CI,

0.13–0.73 nM), and half-maximal inhibi-
tory concentration, 7.82 nM (95% CI,
6.16–9.94 nM); inhibition constant,
0.30 nM (95% CI, 1.23–1.99 nM),
respectively.

Radiochemistry
Syntheses of 125I-4 and 125I-4-Lu were

each performed once. The yield of 125I-4
from 125I-iodide was 14%, and that for the
conversion of 125I-4 to 125I-4-Lu was 82%.
Radiolabeling conditions and yields for
125I/211At-3 and 125I/211At-3-Lu are given
in Tables 1 and 2, respectively. In general,
fresh batches of 211At provided higher
overall yields of either compound. Purifica-
tion of the nonmetallated intermediate
(125I/211At-3) did not enhance yield and
actually provided lower overall yields of
the final product (125I/211At-3-Lu).

Cell Uptake and Internalization
In vitro studies of 211At-3-Lu demon-

strated total uptake within PSMA1 PC3
PIP cells of 13.4% 6 0.5% of the input
dose after 4 h of incubation and an increas-

ing internalized fraction over time, namely, 15.8% 6 0.7%, 19.0%
6 0.7%, 24.5% 6 1.0%, and 27.7% 6 2.2% at 0.5, 1.0, 2.0, and
4.0 h, respectively. Coincubation with (R, S)-2-(phosphonome-
thyl)pentanedioic acid showed an average of 0.6% uptake at all
time points, confirming PSMA-specific uptake (Supplemental
Fig. 2) (18).

TABLE 1
Radiolabeling Yields for 125I/211At-3

Radionuclide Starting radioactivity Age of 211At n % yield*

125I 0.036–0.266 GBq (0.96–7.2 mCi) Not applicable 3 56.1 6 13.7
211At 0.1628–0.3145 GBq (4.4–8.5 mC)i Fresh 3 49.6 6 6.8
211At 0.444–0.6623 GBq (12.0–17.9 mCi) $9 h 2 20.8% 6 8.2%

*After preparative high-performance liquid chromatography purification.

TABLE 2
Radiolabeling Yields for 125I/211At-3-Lu

Radionuclide Starting radioactivity Age of 211At Method of preparation n % yield*

125I 0.170–0.266 GBq (4.6–7.2 mCi) Not applicable A 2 46.5 6 7.7
125I 0.054–0.518 GBq (1.47–14 mCi) Not applicable B 4 62.8 6 9.0
211At 0.16–0.31 GBq (4.4–8.5 mCi) Fresh A 3 6.3 6 1.8
211At 0.126- 0.34 GBq (3.4–9.2 mCi) Fresh B 2 17.8 6 8.2
211At 0.44–0.66 GBq (12.0–17.0 mCi) $9 h A 2 8.6 6 3.6
211At 0.115–0.877 GBq (3.1–23.7 mCi) $9 h B 4 13.6 6 8.4

*After preparative high-performance liquid chromatography purification.
A 5 separate preparative high-performance liquid chromatography purification of 125I/211At-3 and 125I/211At-3-Lu. B 5 preparative

high-performance liquid chromatography purification of 125I/211At-3-Lu only.

FIGURE 3. Synthesis of radiolabeling precursor 15, 4, 125I-4, and 125I-4-Lu. Reagents and condi-
tions: triethylamine, dimethylsulfoxide, room temperature, 2 h (a); I2, CH2Cl2, room temperature, 2
h (b); 1/1 trifluoroacetic acid/CH2Cl2, room temperature, 2 h (c); Na125I, N-chlorosuccinimide, glacial
acetic acid, methanol, room temperature, 20 min (d); concentrated formic acid, 60!C, 1 h (e); 0.1 M
sodium acetate, pH 4.5, 5 mM 175Lu(NO3)3 in 0.1 M HCl, 60!C, 20 min (f, step i); and 5 mM ethylene-
diaminetetraacetic acid (f, step ii).
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Biodistribution
Detailed biodistribution data, represented as %ID/g for all radio-

labeled compounds, are given in Supplemental Tables 1–6. There
was little deastatination of 211At-3-Lu in vivo as evidenced by low
uptake of radioactivity in stomach (0.39 6 0.12 %ID/g), salivary
glands (0.47 6 0.19 %ID/g), and spleen (2.51 6 0.94 %ID/g) at
1 h after administration, which decreased further by 4 h for stom-
ach and salivary glands (,0.05 %ID/g in spleen) (Supplemental
Table 3). Uptake in PSMA1 PC3 PIP tumor and selected nontar-
get organs is shown in Figure 4. All compounds had high tumor
uptake at 1 h (30–60 %ID/g). Although tumor activity remained at
that high level out to 24 h for 125I-4, 125I-4-Lu, and 125I-3, 50%
and 67% of 125I-3-Lu and 211At-3-Lu activity, respectively,
cleared from the tumor by 24 h. Importantly, 211At-3-Lu was
nearly undetectable in normal organs at 24 h. Renal uptake of
211At-3-Lu at 1 h (89.5 6 42.7 %ID/g) was 30%–50% lower than
that seen for other compounds. By 4 h, renal activity levels for
125I-3-Lu and 211At-3-Lu decreased to 18.2 6 3.9 and 2.1 6 0.6
%ID/g, respectively, whereas activity in kidneys for the other
compounds remained high (162–199 %ID/g). By 24 h, activity in
kidneys from 125I-3-Lu and 211At-3-Lu decreased to 3.30 6 1.15
%ID/g and 0.02 6 0.20 %ID/g, respectively. On the other hand,
renal activity was 141 6 18, 50.4 6 25.9, and 30.6 6 14.0 %ID/g
for 125I-4, 125I-4-Lu, and 125I-3, respectively. Despite the lower
%ID/g values of 211At-3-Lu in tumor, its considerably faster renal
clearance resulted in tumor-to-kidney ratios of 8 and 130 at 4 and
24 h, respectively (Fig. 5). Those values are roughly 5- and
16-fold higher than achieved with 125I-3-Lu and 20- to 200-fold
higher than achieved with the other compounds. The uptake
in spleen at 1 h was much lower for 125I-3-Lu and 211At-3-Lu
(7.41 6 2.57 and 2.51 6 0.94 %ID/g, respectively) than for the
other compounds (40–70 %ID/g). Radioactivity from spleen
cleared rapidly for all agents, resulting in tumor-to-spleen ratios at
4 h of 1.3, 4.4, 6.8, 43, and 97 for 125I-4, 125I-4-Lu, 125I-3, 125I-3-
Lu, and 211At-3-Lu, respectively. The uptake of 125I-3-Lu and
211At-3-Lu in salivary and lacrimal glands was lower than obser-
ved for any other compound at any time point, resulting in tumor–
to–salivary gland ratios of 58 and 75 and tumor–to–lacrimal gland

ratios of 13 and 44 at 1 h after injection, respectively (Supplemen-
tal Tables 5 and 6, respectively). At 4 h, those values were 365
and 129 for salivary gland and 92 and 164 for lacrimal gland.

a-Therapy with 211At-3-Lu
We first evaluated the efficacy of 211At-3-Lu by scoring growth

inhibition of subcutaneous xenograft tumors of both PSMA1 PC3
PIP and PSMA2 PC3 flu cells implanted in the same animal. A
single intravenous injection of 4 different doses (0 MBq [0 lCi;
saline], 0.24 MBq [6.5 lCi], 0.74 MBq [20 lCi], 1.48 MBq
[40 lCi], or 3.7 MBq [100 lCi]) did not affect tumor growth of
PSMA2 PC3 flu tumors, as the median survival of the tumor-
bearing mice was 9, 14, 11, 11, and 13 d, respectively. On the
other hand, median survival compared with untreated controls for
animals harboring PSMA1 PC3 PIP tumors at doses of 0 MBq
(0 lCi; saline), 0.24 MBq (6.5 lCi), 0.74 MBq (20 lCi), 1.48
MBq (40 lCi), or 3.7 MBq (100 lCi) were 11 (not statistically
significant), 27 (P 5 0.0015), 39 (P 5 0.0005), 29 (P 5 0.0005),
and not reached (P 5 0.0005), respectively, indicating that 211At-
3-Lu was capable of PSMA-specific tumor growth control and
enhancement of survival (Fig. 6). We also tested the efficacy of a
single dose of intravenously administered 211At-3-Lu for treating
metastatic deposits of PSMA-expressing tumors. Higher doses
(1.48 and 3.7 MBq) provided survival benefits compared with the
untreated group (Fig. 6B). Median survival for animals treated
with 0 MBq (0 lCi; saline), 0.186 MBq (5 lCi), 0.373 MBq (10
lCi), 0.74 MBq (20 lCi), 1.48 MBq (40 lCi), or 3.7 MBq (100
lCi) were 48, 49 (not statistically significant), 48 (P 5 0.5769,
not statistically significant), 52 (P 5 0.0699, not statistically sig-
nificant), 57, (P 5 0.0286), and 58.5 d (P 5 0.2718, due to an
early mouse death), respectively.

Long-Term Radiotoxicity
Eleven-week-old male CD1 mice were injected with 0.24 MBq

(6.6 lCi), 0.74 MBq (20 lCi), or 1.48 MBq (40 lCi) of 211At-3-
Lu as a single intravenous injection. We also included an untreated
group for the entire duration of the study as an age-matched con-
trol. All groups of mice consistently gained weight for the 13-mo
period of monitoring (Supplemental Fig. 3). Blood chemistry data

FIGURE 4. Biodistribution (%ID/g) of radiolabeled compounds of Figures 2 and 3 in selected tissues.
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for creatinine, blood urea nitrogen, glucose, alkaline phosphatase,
alanine aminotransferase, and total protein for all treated groups
were similar to those for age-matched untreated controls (Supple-
mental Fig. 4). A complete blood count also indicated that treated
groups remained within normal limits (Supplemental Fig. 4).
Monthly evaluation of urine protein level (Supplemental Table 7)
and specific gravity (Supplemental Table 8) showed no sign of
renal impairment compared with untreated controls for the dura-
tion of the study. Histopathologic examination of kidneys, salivary
glands, and lacrimal glands revealed no treatment-specific patho-
logic abnormalities at any dose studied (Fig. 7). We observed mild
inflammation, a few dilated tubules with protein deposits, and
mild multifocal fibrosis in kidneys from all groups (including con-
trols), which were age-related phenomena. Mild age-related
inflammation was also observed in salivary and lacrimal glands
from all groups.

DISCUSSION

Banerjee et al. reported a series of 4-halobenzyl derivatives of
Lys-Glu-urea inhibitors of PSMA containing a linking group that
connects the PSMA-targeting urea pharmacophore with a metal
chelator (29). Two of the most promising compounds were 1 and
2 (Fig. 1). When 177Lu-1 and 177Lu-2 were administered intrave-
nously to tumor-bearing mice, they exhibited high uptake in
PSMA1 PC3 PIP tumor xenografts (29), low uptake in the

salivary glands, rapid renal clearance, and dose-dependent tumor
growth delay. We previously demonstrated in a head-to-head pre-
clinical study that our scaffold bearing the b-particle emitter 177Lu
was inferior to that delivering 225Ac, an a-emitter, providing a
rationale for our focus on PSMA-targeted compounds bearing an
a-emitting warhead (30).
Reports of PSMA-targeted therapy with the a-emitter 225Ac-

PSMA-617 have been encouraging, even in late-stage disease.
Some trials reported PSA declines of at least 90% in roughly half
of patients (31) and overall survival of more than 15 mo (32).
Such results may exceed those of new chemo- or hormonal thera-
pies. However, those results have come at the costs of decreased
quality of life, including nontransient, treatment-halting xerosto-
mia and substantial hematologic toxicity, according to 1 retrospec-
tive trial (33). A greater mitigation of off-target effects, which has
proved challenging to date, is needed for PSMA-targeted radio-
pharmaceutical therapy to develop a niche in the management of
prostate cancer. Two ways to do so are by optimizing the pharma-
cokinetics and choosing the correct a-particle emitter. We have
attempted both by focusing on the type II Lys-Glu-urea scaffold
we have previously reported (29), a close structural analog of
which is currently under investigation in a phase 1–2 clinical trial
(NCT0349083800), and on using 211At, which produces only
1 a-particle per decay and has a tractable physical half-life of
7.2 h (34–37).
For convenience of handling, we initially studied the 125I-

labeled surrogates of the intended 211At
compounds to gauge pharmacokinetics and
in vivo stability. Compounds of the 4
series (Fig. 3) enabled us to explore the
effect of halogen location in the molecule
on pharmacokinetics, as well as the influ-
ence of a metal within the chelator, which
we previously showed enhanced affinity
for PSMA (29). Although 125I-4 and 125I-
4-Lu behaved similarly in PSMA1 PC3
PIP tumor, 125I-4-Lu in kidney substan-
tially decreased by 24 h, indicating a

FIGURE 5. Biodistribution (ratios of tumor to selected organs) of compounds of Figures 2 and 3 in selected tissues.

FIGURE 6. Kaplan–Meier curves showing survival in flank (A) and PC3-ML-Luc experimental meta-
static (B) models at dose provided. PC3-PIP 5 PSMA1 PC3 PIP tumors; PC3-flu 5 PSMA2 PC3
flu cell–derived tumors.
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positive effect of the presence of lutetium in the chelator on renal
clearance. Because even higher tumor-to-kidney ratios were
observed for 125I-3-Lu than for 125I-4-Lu, we continued with the
former for further in vivo testing. Relative to 125I-3-Lu, 211At-3-
Lu demonstrated lower tumor uptake but also lower off-target
uptake. There was also moderate uptake within stomach, consis-
tent with some deastatination (38); however, levels remained
below 0.5 %ID/g and tumor-to-stomach ratios were approximately
100 (Figs. 4 and 5). By contrast, 211At-DCABzL never had tumor-
to-stomach ratios that rose above a few percentage points out to
18 h (18), and a recently published 211At-labeled minibody target-
ing prostate cancer had a ratio that only exceeded 1 on treatment
with perchlorate at 5 h (1.2) and 9 h (1.4) after injection (39).
The lack of uptake within stomach and salivary glands of 211At-

3-Lu could in part be due to the stability of the low-molecular-
weight, Lys-Glu-urea–based targeting scaffold (40). There was
also little radioactivity in blood (Supplemental Table 3) and no
significant change in white blood cell counts (Supplemental Fig.
4). Accordingly, neither treatment with perchlorate (39) nor block-
ing agents were required to mitigate off-target effects. In vivo,
211At-3-Lu treatment caused a PSMA- and dose-dependent
increase in survival compared with control animals in both the
flank and metastatic models (Fig. 6). Comparison of this result
with other reported compounds is challenging because of the dif-
ferent model systems used. If we focus on our own earlier therapy
studies, we find that 211At-3-Lu provided survival effects at much
lower doses than 211At-DCABzL (18), which had a maximum tol-
erated dose (MTD) of 37 kBq (1 lCi). However, that study was
performed on nude rather than SCID mice, which we used here.
We did not reach the MTD for 211At-3-Lu, as the highest dose
administered in the long-term (13 mo) toxicity study with normal
mice was only 1.48 MBq (40 lCi). Nonetheless, even at a dose up
to 40 times higher than the MTD for 211At-DCABzL in the same
mouse strain, our toxicity data showed only mild changes at all

doses and in all organs studied (Fig. 7). Perhaps a more relevant
comparison is to 225Ac-L1 (30), which demonstrated an MTD of
9.3 kBq (0.25 lCi) (fractionated 3 4) because the scaffold is the
same as that of 211At-3-Lu. Compound 212Pb-L2 (41), which has a
similar scaffold, demonstrated an MTD of 1.5 MBq ($40 lCi).
For that compound, there were concerns of long-term renal toxic-
ity, which may be due to the 212Bi daughter released and localized
to the kidney, which is not a problem with 211At-based agents.
Our goal in this work was to find a suitable a-particle–emitting

agent to treat PSMA1 prostate and other cancers that had minimal
off-target toxicity, namely, an agent that would be more effective
than the corresponding b-particle emitter but not as toxic as those
radiolabeled with 225Ac. We have achieved that with 211At-3-Lu,
attesting to the potential benefits of this potentially tamer
a-emitter. As with 212Pb, 211At emits only 1 a-particle per decay.
As such, these 2 radionuclides do not produce daughter
a-emissions outside the intended target site and will not be
expected to have the toxicity—for example, in liver—attendant on
such emissions, such as those seen with 225Ac. However, there are
differences between 212Pb and 211At that make us favor the latter.
The therapeutic potential of 212Pb will be diminished if the daugh-
ter nuclei do not remain at the target site so that their energy can
also be captured (7). For example, Ackerman et al. have calculated
that migration of daughters with 212Pb could reduce its relative
biological effectiveness to that of conventional external-beam radi-
ation and b-particle emitters (42). Furthermore, 211At can be intro-
duced to targeting ligands using chemistry very similar to that for
other halogens to minimize perturbation of the targeting scaffold if
a fastidious cellular target is sought, or a chelator can be deliber-
ately introduced to enhance pharmacokinetics, as in this case
(36,37). Lack of off-target toxicity, including to salivary and lacri-
mal glands, would obviate cumbersome coadministration of block-
ing agents. However, although the natural bismuth target material
is inexpensive and widely available, 211At requires a 28-MeV
a-particle cyclotron beam for efficient production—a requirement
that has curtailed its use (43). There are concerted efforts under
way to increase the supply of 211At worldwide at academic insti-
tutions and research institutes, with commercial sources emerging
in the not-too-distant future (https://ionetix.com/why-alpha-
therapy).
A limitation of this study was the use of cells that may not

reflect the natural abundance and heterogeneity of PSMA in
human cancer. That issue has been discussed in detail elsewhere
(44). However, PSMA1 PC3 PIP and PSMA2 PC3 flu cells have
the advantage of being isogenic, except for PSMA expression,
enabling us to answer questions about pharmacokinetics with a
minimum of variables present. The superior performance of 211At-
3-Lu in the flank model rather than the metastatic model may
reflect, in part, the supraphysiologic and 10-fold higher PSMA
expression in the PSMA1 PC3 PIP cells relative to the PSMA1
PC3-ML-Luc cells used to generate the metastatic deposits (18),
which express PSMA at about the same level of LNCaP cells (27).

CONCLUSION

In this small series, 211At-3-Lu proved to have an excellent
combination of properties: a pharmacokinetic profile matching the
physical half-life of 211At, the ability to improve survival in
tumor-bearing animals, and lack of off-target toxicity as demon-
strated by hematopoietic stability, unchanged tissue chemistries,
weight gain rather than loss throughout treatment, and favorable

FIGURE 7. Representative microscopic images of kidney, salivary gland,
and lacrimal gland (size bar, 100 lm). Black arrows indicate inflammation;
white arrow indicates dilated tubule with protein deposit.
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histopathology. This compound or close analogs are promising for
translation if and when an a-particle emitter is to be considered in
the therapeutic journey of the patient.
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KEY POINTS

QUESTION: Can a PSMA-targeted, a-emitting small molecule be
designed with few off-target toxic effects while retaining therapeu-
tic efficacy?

PERTINENT FINDINGS: Lead compound 211At-3-Lu was able to
control tumor growth and enhance survival in animals treated at
doses of 1.48 MBq or greater and did so without toxicity.

IMPLICATIONS FOR PATIENT CARE: Compounds such as
211At-3-Lu provide a further rationale for the use of 211At in tar-
geted a-emitting radiopharmaceuticals. 211At may be an effective
and nontoxic alternative to other a-emitters in use for manage-
ment of prostate and other PSMA-expressing cancers. Its ease of
incorporation in a variety of cancer affinity agents, including small
molecules, as well as its convenient physical half-life could pro-
vide a safe, practical, and new method to treat a variety of intrac-
table malignancies.
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In this issue of The Journal of Nuclear Medicine, Thornton et al.
present 18F-FDG PET/CT data obtained on coronavirus disease
2019 (COVID-19) patients at several disease stages (1). The study
includes predominantly oncology patients in whom the diagnosis
of severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2)
infection was not known before the PET/CT procedure (n5 32),
as well as 18 patients with known infection and persistent shortness
of breath 28 d after the onset of disease and who were previously
admitted to the hospital for oxygen therapy. The latter group was
categorized as potential post–COVID-19 lung disease (PCLD) (2).
In this PCLD group, half the patients had ongoing corticosteroid
treatment. Although retrospective, this study triggers an interesting
discussion on the potential role of 18F-FDG PET/CT in patients
with late COVID-19 infection.
After the initial outbreak of SARS-CoV-2 in December 2019,

3–4 waves of the pandemic have been observed worldwide. As of
September 26, 2021, and according to the data of the Johns Hop-
kins University (https://coronavirus.jhu.edu), more than 230 million
people were diagnosed worldwide, with a death toll close to 5 mil-
lion, making it the largest and deadliest pandemic since the 1918
flu. Importantly, the disease presentation at the early phases ranged
from asymptomatic contamination to mild symptoms over overt
symptoms requiring hospitalization with oxygen therapy and, at the
extreme, assisted ventilation or extracorporeal membrane oxygena-
tion. Shah et al. defined 3 phases of the disease: acute COVID-19
infection with signs and symptoms up to 4 wk, ongoing symptom-
atic COVID-19 between 4 and 12 wk, and PCLD syndrome beyond
12 wk, when persisting symptoms cannot be attributed to alterna-
tive diagnoses (3). The term long COVID commonly refers to both
ongoing symptomatic COVID-19 and PCLD as defined above.
Several studies describe persistent symptoms in patients after acute
COVID-19, with one third or more experiencing more than one
symptom, including fatigue, abnormal breathing, chest or throat

pain, headache, and cognitive symptoms up to 3–6 mo after diagno-
sis. Such persistent symptoms are more frequently reported after
COVID-19 than after influenza infection.
However, this perspective will focus on subacute and chronic

lung disease, referred to as PCLD. Five percent of COVID-19 sur-
vivors evolve to chronic respiratory failure, manifested by breath-
lessness, cough, or even oxygen needs (4).
From the very beginning of the outbreak, multiple casuistic

reports on 18F-FDG PET/CT were published, without emphasis on
the time course, since the initial observations focused either on the
most acute phase in severely ill patients or on serendipitous find-
ings in asymptomatic oncology patients. Several studies indicated a
2- to 4-fold increased incidence of interstitial pneumonia detected
on 18F-FDG PET/CT in the latter group during the early phase of
the pandemic (5). Other authors identified a relationship between
the structural changes as assessed using the COVID-19 Reporting
and Data System and metabolic changes (6). Albeit informative,
such reports did not take into account the temporal kinetics of the
disease. It has become clear that 18F-FDG PET/CT has a limited
role, if any, in establishing the diagnosis of active COVID-19 infec-
tion. From a logistic viewpoint, organizing a PET/CT scan in a
nuclear medicine department had more drawbacks than advantages,
as compared with dedicated CT-scan suites, with a rapid turnover
even with the implementation of all necessary hygiene measures.
Several reports indicate that 18F-FDG PET/CT results in the early
phase of the disease were similar to those observed in the literature
on pneumonia due to other aggressive viruses.
In this retrospective observational study, Thornton et al. were

able to distinguish several temporal patterns in a limited number of
subjects during the first 2 peaks of COVID-19. Using 18F-FDG
PET/CT, they not only studied the functional and morphologic pat-
tern at different disease stages but also demonstrated the time rela-
tionship between these changes. In asymptomatic patients, without
any history or suggestion of a COVID-19 diagnosis, the authors
identified 2 distinct groups: one group of acute patients in the early
stage (n5 8) with typical ground-glass changes on CT and rela-
tively low 18F-FDG uptake (median SUVmax, 1.6, and median tar-
get-to-background ratio [TBRlung], 6.4, where the background refers
to the lowest lung uptake) and a second group of acute patients in
the late stage, with a more extensive consolidation pattern on CT
and a significantly higher SUVmax (median, 4.0) and TBRlung

(median, 13.7) (P5 0.001). SUVmax was similar in a small series of
convalescing patients reported by Bai et al., but these were patients
recovering from severe infection (7). Temporal data in the study of
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Thornton et al. were retrieved from the electronic health record sys-
tem, with the inherent limitations of such a retrospective approach.
Notwithstanding, the authors demonstrated a significant positive cor-
relation between TBRlung and the estimated time since onset (Spear-
man rs5 0.595, P5 0.003). These findings are in keeping with the
current pathophysiologic hypotheses of COVID-19 infection—that
it first presents as a viral infection, with no or moderate symptoms
and seemingly low 18F-FDG uptake, and then is followed by an
acute immune response, endothelial activation and inflammation,
and variable levels of immune cell infiltration (including neutro-
phils, lymphocytes, and monocyte–macrophages), as well as angio-
genesis. This second phase, characterized by the presence of many
glucose-avid cells, is responsible for the increased 18F-FDG uptake.
However, the responsible mechanisms of PCLD are not well under-
stood and are probably numerous and intertwined as reflected by the
wide diversity of the symptoms. The main hypotheses include a per-
sisting chronic inflammatory process or a dysregulated immune phe-
nomenon (8).
Although the study by Thornton et al. illustrates the temporal

changes in 18F-FDG PET/CT patterns, it does not provide infor-
mation on the severity of the disease because of the lack of clinical
outcome data, as stated by the authors in their conclusions.
Nevertheless, in the group of 18 patients with PCLD, a condition

that has hardly been studied with 18F-FDG PET/CT, a higher SUVmax

(median, 5.8) was observed in patients who had not been treated
with high-dose steroids for at least 10 d. Conversely, patients treated
with steroids after discharge had a lower SUVmax (median, 2.4) and
TBRlung (median, 6.6 under steroids, vs. 18.1 without steroids), like
those observed in the early stage of the acute phase. The RECOV-
ERY study clearly demonstrated the benefit of 6 mg of dexametha-
sone in oxygen-dependent or ventilated patients with a lower 28-d
mortality (9). To our knowledge, little is known about the benefit to
pulmonary function and survival over the long term. In addition, an
observational study by Myall et al. including 35 patients with lung
functional deficit beyond 6 wk after the acute phase (due to intersti-
tial disease and organizing pneumonia) demonstrated a morbidity
benefit, defined by improvement in lung functional tests, in the 30
patients treated with steroids (4). Furthermore, a recent report on
long COVID demonstrated not only increased residual lung 18F-
FDG uptake (with similar SUVmax data) but also evidence of multi-
systemic inflammation (10).
From the published data and long–COVID-19 perspectives, it

may be wise to envision that metabolic imaging with 18F-FDG
PET/CT may help identify patients with persistent symptoms after
6–12 wk, for whom additional therapy with, for example, cortico-
steroids could be proposed. This possibility is in keeping with pre-
vious observations that increased 18F-FDG uptake in chronic
interstitial lung disease of other etiologies was reported as a marker
of evolution toward lung fibrosis and poor prognosis. At this stage,

there is no evidence that such imaging may be justified, nor is
information available on the optimal timing and dosing of steroids.
Therefore, it is worth challenging this issue with, for instance, a
2-arm randomized study in which all patients with persistent pul-
monary symptoms beyond 6 wk of a negative PCR test would
undergo 18F-FDG PET/CT upfront but in which the interpreters
would be masked to patient data before randomization. Patients
could then receive either corticosteroids or placebo, and as the out-
come, the clinical benefit results would be correlated with the
18F-FDG PET/CT results.
In conclusion, although it is agreed that 18F-FDG PET/CT has

little role in diagnosing COVID-19 as such, its potential role in the
later phases of the disease must be considered. Whether 18F-FDG
PET/CT can help identify patients who will develop a severe or
even dramatic course of lung fibrosis remains to be determined:
prospective and, when possible, randomized therapeutic trials with
masking of the 18F-FDG PET/CT results would be extremely
helpful.
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The aim of this study was to assess the temporal evolution of pulmo-
nary 18F-FDG uptake in patients with coronavirus disease 2019
(COVID-19) and post–COVID-19 lung disease (PCLD). Methods:
Using our hospital’s clinical electronic records, we retrospectively
identified 23 acute COVID-19, 18 PCLD, and 9 completely recovered
18F-FDG PET/CT patients during the 2 peaks of the U.K. pandemic.
Pulmonary 18F-FDG uptake was measured as a lung target-to-back-
ground ratio (TBRlung5SUVmax/SUVmin) and compared with temporal
stage. Results: In acute COVID-19, less than 3 wk after infection,
TBRlung was strongly correlated with time after infection (rs50.81,
P , 0.001) and was significantly higher in the late stage than in the
early stage (P50.001). In PCLD, TBRlungwas lower in patients treated
with high-dose steroids (P5 0.003) and in asymptomatic patients
(P , 0.001). Conclusion: Pulmonary 18F-FDG uptake in COVID-19
increases with time after infection. In PCLD, pulmonary 18F-FDG
uptake rises despite viral clearance, suggesting ongoing inflammation.
There was lower pulmonary 18F-FDG uptake in PCLD patients treated
with steroids.

Key Words: infectious disease; PET/CT; respiratory; 18F-FDG;
COVID-19; PET/CT

J Nucl Med 2022; 63:270–273
DOI: 10.2967/jnumed.121.262296

Throughout the United Kingdom, during February and March
2020 there was a rapid spread of coronavirus disease 2019
(COVID-19), which may result in viral pneumonitis and acute
respiratory distress syndrome (1). The median time from symptom
onset to intensive care admission was 10 d, although only 5% of
patients were admitted (1). This is when antiviral responses are at

a peak, suggesting that pneumonitis is a consequence of adaptive
immunity (2).
Persistent respiratory symptoms affect at least one third of hos-

pitalized COVID-19 patients, some of whom will have
post–COVID-19 lung disease (PCLD) (3). Steroids are critical in
reducing mortality from COVID-19, but their role in PCLD is less
clear, and identifying those who might benefit may be difficult.
Currently, 18F-FDG PET/CT has no role in the management of

patients with COVID-19 (4), and there has been little investigation
into the quantification and evolution of 18F-FDG uptake in
COVID-19 (Supplemental Table 1; supplemental materials are
available at http://jnm.snmjournals.org). Given the growing role of
18F-FDG PET/CT in interstitial lung diseases, the primary aim
of this preliminary study was to assess the temporal evolution of
18F-FDG uptake in COVID-19 and to correlate this evolution with
clinical progression and recovery. A secondary aim was to investi-
gate whether steroids could alter this evolution.

MATERIALS AND METHODS

The Institutional Review Board approved this retrospective study
and waived the requirement to obtain informed consent. The chal-
lenges of the pandemic constrained the methodologic design, necessi-
tating a retrospective approach.

Patient Selection
All studies performed in the department over the first U.K. peak of

the coronavirus pandemic (March–April 2020) and from September
2020 to February 2021 (second peak) were assessed for acute
COVID-19 by following the British Society of Thoracic Imaging
guidelines or a confirmed history of COVID-19 in the electronic
health record system (5). These studies included some of patients
without positive polymerase chain reaction (PCR) test results, because
of the poor availability of PCR tests in the early period. Also included
were studies performed for persistent (.4 wk) respiratory symptoms,
in keeping with PCLD, and studies of patients who had recovered
from COVID-19 after the initial period. Ongoing treatment with ste-
roids and other immunosuppressive drugs was recorded. Formal lung
function tests were not performed because of infection risks. Acute
studies between May and September 2020 were not examined because
of the low prevalence and incidence of COVID-19 in London during
that time (Supplemental Fig. 1; Supplemental Table 2).

18F-FDG PET/CT Imaging Protocol
Patients fasted for at least 6 h, and blood glucose levels were

recorded before injection of 400 MBq of 18F-FDG adjusted for weight
in keeping with the guidelines of the Administration of Radioactive
Substances Advisory Committee (6). After an uptake time of 63.1 6
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10.9 min, whole-body PET scans of supine patients with their arms
above their head were acquired at a rate of 2 min per bed position
using a GE Healthcare Discovery 710 PET/CT scanner. A nonen-
hanced low-dose CT scan was acquired for anatomic coregistration
and attenuation correction. Images were reconstructed using a resolu-
tion recovery iterative algorithm.

All images were reviewed by at least one dually accredited
radiologist–nuclear medicine physician. Quantification was performed
by investigators with at least 10 y of experience in quantifying PET/
CT images of diffuse lung disease. PET analysis was performed with
masking of clinical history and CT analysis.

Determination of Temporal Stage
After review of the clinical, CT, and electronic health records, the

number of days since disease onset was estimated, and the acute
COVID-19 cases were assigned to 1 of 2 temporal groups: early or
late COVID-19 (7). Early COVID-19 (approximately #1 wk after dis-
ease onset) was defined predominantly as CT findings of ground-glass
opacities with or without associated interlobular thickening. Late
COVID-19 (.1 wk to #4 wk after disease onset) was defined as CT
findings of increasing consolidation and signs of resolution marked by
subpleural sparing, development of a fibrous stripe, and crescentic
consolidation or a reversed halo or atoll sign. Patients who were
asymptomatic after 28 d were classed as recovered patients. In addi-
tion, patients who were imaged because of persistent symptoms after
28 d were described as having PCLD. The CT component was corre-
lated with other cross-sectional images to reduce the likelihood of
incorrect classification due to breathing artifacts.

Quantitative 18F-FDG PET Analysis
All images were processed using a standard protocol on a dedi-

cated imaging workstation (ADW Volume Viewer, version 4.6; GE
Healthcare), which calculated the lung target-to-background ratio
(TBRlung5 SUVmax/SUVmins) following methods described previ-
ously (8–10).

Statistics
The difference in 18F-FDG PET uptake measures within the lung

against temporal staging and pretreatment with steroids were assessed
using the nonparametric Mann–Whitney test. Results were depicted
using box-and-whisker plots. All statistical analyses were performed
using SPSS, version 25.0 (IBM).

RESULTS

Of the 3,112 18F-FDG PET/CT studies screened, 50 met the cri-
teria for study entry, including 18 patients referred for 18F-FDG
PET/CT for investigation of PCLD. Of these 50 patients (median
age, 61 y; range, 18–87 y), 32 were male (64%), 27 were of ethnic
minority background (54%), and 23 (46%) had acute COVID-19.
None were intentionally imaged for COVID-19. Nine patients had
asymptomatic recovered COVID-19 as confirmed by the electronic
health record system (Supplemental Tables 3–5).
In 18 of the 50 patients, imaging was performed because of per-

sistent shortness of breath and respiratory symptoms in keeping
with PCLD. All 18 had been admitted to the hospital and had
required oxygen. Fifteen of these patients previously had PCR tests
positive for COVID-19, and COVID-19 was clinically diagnosed
in the others. Nine had ongoing treatment with steroids for PCLD;
the other 9 were not receiving treatment for their PCLD. All PCLD
patients underwent repeated PCR testing confirming that they were
PCR-negative before PET imaging (Supplemental Table 5).

Temporal Stage
After review of the CT component of the PET/CT (lung win-

dows) and available clinical history, 8 (35%) of the 23 acute
COVID-19 patients were determined to represent early COVID-19
and 15 (65%) late (Fig. 1; Supplemental Table 5).

Association of Pulmonary 18F-FDG Uptake with Temporal
Staging in Early- and Late-Stage Disease

18F-FDG uptake analysis of lung lesions in acute-disease
patients demonstrated an increasing TBRlung over time, with pro-
gression from low-avidity ground-glass changes in the early stage
to avid consolidation during the late stage (median values in the
early stage: SUVmax, 1.6, and TBRlung, 6.4; median values in the
late stage: SUVmax, 4.0, and TBRlung, 13.7). In acute-disease
patients, TBRlung differed significantly between the early and late
stages, with late-stage patients having a higher TBRlung than early-
stage patients (P5 0.001; Fig. 2). Among these acute-disease
patients, a significant positive correlation was observed between
TBRlung and estimated time since onset (rs5 0.60, P5 0.003; Fig.
3). This correlation was stronger when limited to acute-disease
patients estimated to be in the first 3 wk of infection (n5 18,
rs5 0.81, P , 0.001).

Pulmonary 18F-FDG Uptake in PCLD
There was a lower TBRlung in patients who had received treat-

ment with high-dose steroids (P5 0.003) (Fig. 2) (median values in
steroid-treated patients: SUVmax, 2.4, and TBRlung, 6.62; median
values in untreated patients: SUVmax, 5.8, and TBRlung, 18.1).

FIGURE 1. Exemplar images demonstrating increasing 18F-FDG uptake
with temporal stage and lower 18F-FDG uptake in steroid-treated PCLD
(lung-windowed axial CT, 18F-FDG PET [SUV 0–5], and 18F-FDG PET/
CT images). Medullary uptake in case 1 was due to leukemia and not
COVID-19.
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TBRlung was lower in asymptomatically recovered patients
(median SUVmax, 1.2; median TBRlung, 4.6) than in either
untreated PCLD patients or those treated with steroids (P , 0.001
and P5 0.020, respectively; P , 0.001 on Kruskal–Wallis testing
for all 3 groups).

DISCUSSION

To our knowledge, this study was the first attempt to character-
ize the evolution of pulmonary 18F-FDG uptake in patients with
COVID-19 assigned a temporal stage (early stage to late stage to
PCLD) based on clinical context and CT findings.
The increase in lung avidity with time suggests increasing lung

inflammation (11,12) in acute COVID-19. In most cases, 18F-FDG
uptake would then be expected to decrease with viral clearance
and establishment of immunity. There is, however, a subset of
COVID-19 patients with delayed recovery who continue to show
significant 18F-FDG uptake, reminiscent of our findings in intersti-
tial lung disease (8,9,13,14), and raising the possibility that
COVID-19 pneumonitis is associated with an activated host
immune response rather than direct viral pathology (12,15,16). It

would be useful to understand the ability of lung avidity to predict
the clinical course or the likelihood that post–COVID-19 intersti-
tial lung disease will develop in this patient cohort.
The RECOVERY study (Randomized Evaluation of COVID-19

Therapy), which this study predates, demonstrated a survival benefit
from steroid use in hypoxic patients with COVID-19 (15). In our
study, several patients went on to develop an inflammatory organiz-
ing pneumonia characterized by persistent and increasing 18F-FDG
uptake. Steroid therapy is a recognized treatment for organizing
pneumonia and other inflammatory interstitial lung diseases (15),
and 18F-FDG uptake was consistently lower in those cases treated
with postdischarge steroids. Our findings raise the question of
whether steroid administration has a role not just in acute hypoxia
but in the later stages of COVID-19 and in PCLD. This question has
been debated (15), with calls for a randomized, controlled trial to
define the role of steroid therapy more widely. Although imaging
may be useful, it is hard to determine from CT whether parenchymal
changes indicate reversible inflammation or irreversible fibrosis. It is
possible that 18F-FDG PET/CT may offer a sensitive and specific
biomarker to guide and rationalize steroid treatment.
Given the challenges of nuclear medicine imaging in the pan-

demic, this study has methodologic limitations. They are directly
related to the infectious and emergent epidemic, the workload and
severe capacity restraints of PET/CT departments, the need to pro-
tect staff and sterilize equipment, and the medical instability of
seriously ill COVID-19 patients. These challenges limit patient
numbers, preventing the use of a control group and longitudinal
18F-FDG PET/CT imaging. Diagnostic CT will likely remain the
most practical way to investigate acute COVID-19, although PET
imaging may give potential mechanistic insights. However, PCLD
patients are not currently believed to be an infection risk, and per-
forming longitudinal 18F-FDG PET/CT studies in this population
may thus be realistic and feasible. This study was not prospec-
tively designed to examine the use of steroids in PCLD; however,
statistically significant lower 18F-FDG uptake was observed in
PCLD patients who received steroids than in those who did not.
Finally, the lack of PCR testing in the first wave, as well as the

high incidence of asymptomatic cases
throughout the pandemic, creates uncertain-
ties about prevalence, and retrospective
analyses may therefore suffer from selec-
tion bias. Despite the design limitations,
the findings of this study offer some insight
into the development of pulmonary disease
in COVID-19 patients and can help provide
the evidence to justify performing formal
prospective studies on this topic in the
future.

CONCLUSION

18F-FDG uptake in COVID-19 patients
increases with time after infection and cor-
relates with severity. Persistent 18F-FDG
uptake is seen in patients with PCLD dis-
ease. These findings suggest that future
studies may be directed at the use of 18F-
FDG PET/CT to clarify the disease trajec-
tory and may aid management of those
patients with persistent respiratory
symptoms

FIGURE 3. 18F-FDG uptake (TBRlung) against estimated time after onset of disease (on logarithmic
scale), with superimposed regression using 23 acute (early and late) patients (F1,23 5 14.94, P ,

0.001; Spearman rs 5 0.595, P 5 0.003). Steroid treated 5 at least 10 d of high-dose steroid
treatment.

FIGURE 2. 18F-FDG uptake (TBRlung) by temporal stage.
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KEY POINTS

QUESTION: What is the temporal evolution of 8F-FDG uptake in
COVID-19 and in PCLD?

PERTINENT FINDINGS: 18F-FDG uptake was shown to increase
with time after COVID-19 infection. Steroid treatment was associ-
ated with reduced uptake in PCLD.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET/CT may
help us understand the disease trajectory and aid in management
of PCLD.
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Incidental Findings Suggestive of COVID-19 Pneumonia in
Oncologic Patients Undergoing 18F-FDG PET/CT Studies:
Association Between Metabolic and Structural Lung Changes
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Although the novel coronavirus disease 2019 (COVID-19) can present
as nonspecific clinical forms, subclinical cases represent an important
route of transmission and a significant source of mortality, mainly in
high-risk subpopulations such as cancer patients. A deeper knowl-
edge of the metabolic shift in cells infected with severe acute respira-
tory syndrome coronavirus 2 could provide new insights about its
pathogenic and host response and help to diagnose pulmonary
involvement. We explored the potential added diagnostic value of
18F-FDG PET/CT scans in asymptomatic cancer patients with sus-
pected COVID-19 pneumonia by investigating the association
between metabolic and structural changes in the lung parenchyma.
Methods: 18F-FDG PET/CT studies acquired between February 19
and May 29, 2020, were reviewed to identify those cancer patients
with incidental findings suggestive of COVID-19 pneumonia. PET
studies were interpreted through qualitative (visual) and semiquantita-
tive (measurement of SUVmax) analysis evaluating lung findings. Sev-
eral characteristic signs of COVID-19 pneumonia on CT were
described as COVID-19 Reporting and Data System (CO-RADS) cate-
gories (1–6). After comparing the SUVmax of pulmonary infiltrates
among different CO-RADS categories, we explored the best potential
cutoffs for pulmonary SUVmax against CO-RADS categories as the
gold standard result to eliminate the possibility that the diagnosis of
COVID-19 pneumonia exists. Results: On multimodal PET/CT imag-
ing, CT signs classified as CO-RADS category 5 or 6 were found in 16
of 41 (39%) oncologic patients. SUVmax was higher in patients with
categories 5 and 6 than in patients with category 4 (6.17 6 0.82 vs.
3.78 6 0.50, P 5 0.04) or categories 2 and 3 (3.59 6 0.41, P 5 0.01).
A specificity of 93.8% (95% CI, 71.7%–99.7%) and an accuracy of
92.9% were obtained when combining a CO-RADS score of 5 or 6
with an SUVmax of 2.45 in pulmonary infiltrates. Conclusion: In
asymptomatic cancer patients, the metabolic activity in lung infiltrates
is closely associated with several combined tomographic changes
characteristic of COVID-19 pneumonia. Multimodal 18F-FDG PET/CT
imaging could provide additional information during early diagnosis in
selected predisposed patients during the pandemic. The prognostic
implications of simultaneous radiologic and molecular findings in

cancer patients and other subpopulations at high risk for COVID-19
pneumonia deserve further evaluation in prospective research.

KeyWords: COVID-19; pneumonia; lung; cancer, 18F-FDGPET/CT
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Since December 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has quickly spread worldwide from a
cluster of cases in Wuhan, China. Although the novel coronavi-
rus disease 2019 (COVID-19) can present as different, nonspe-
cific clinical forms, subclinical cases represent an important
route of transmission and a significant source of morbidity and
mortality.
Although COVID-19 is usually confirmed by real-time reverse-

transcription polymerase chain reaction (rRT-PCR) in respiratory
tract specimens, some imaging techniques may strongly suggest
the diagnosis until laboratory results are available. In addition,
many concerns have been raised about the low sensitivity of rRT-
PCR tests (1). In this scenario, chest CT has been positioned as
the most useful, noninvasive tool in the diagnosis of COVID-19
pneumonia. Moreover, some CT patterns observed in patients with
COVID-19 pneumonia during the pandemic were even more sen-
sitive than rRT-PCR. Despite the limitations of rRT-PCR, it is
considered the best diagnostic tool to date.
Several clinical features of the novel infection are particularly

challenging in cancer patients. In fact, cancer is a high-risk factor
for viral infections, and oncologic patients usually demonstrate an
indolent clinical course and a high COVID-19 case fatality rate
(2,4). Unfortunately, differentiation among several respiratory virus
and other causes of pneumonitis is difficult in this subpopulation
(5). So, the rate of suspected infection in asymptomatic predisposed
patients should consider the updated epidemiologic data, the risk of
infection, and an individualized analytic, imaging, and rRT-PCR or
gene sequencing assessment.
Only a few reports and small case series of cancer patients have

documented the presence of incidental 18F-FDG uptake in the lungs
suggestive of COVID-19 pneumonia on PET/CT. These data sug-
gest a potential contribution of this technique to the differential
diagnosis of complex or asymptomatic presentations of COVID-19
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(6–10). In addition, a deeper knowledge of the metabolic shift in
cells infected with SARS-CoV-2 could provide new insights about
the pathogenesis of viral infection and host response and help to
diagnose pulmonary and distant involvement in selected cases.
However, a detailed characterization of combined clinical data,
radiologic lung findings, and molecular lung findings in cancer
patients with COVID-19 pneumonia is still lacking. With our expe-
rience, we aimed to explore the potential added diagnostic value of
18F-FDG PET/CT scans in asymptomatic cancer patients with sus-
pected COVID-19 pneumonia by investigating the association
between metabolic and structural changes in the lung parenchyma.

MATERIALS AND METHODS

Study Population
We analyzed 1,065 PET/CT scans acquired from February 19 to

May 29, 2020 (Supplemental Figure 1, flowchart; supplemental mate-
rials are available at http://jnm.snmjournals.org). After exclusion of all
subjects with a non–18F-FDG scan, a nononcologic indication, local-
ized brain studies (functional or tumoral brain PET), or symptoms sug-
gestive of respiratory tract infection (e.g., fever, cough, dyspnea, and
sneezing), 967 subjects were included. The last exclusion criterion
was the result of the updated European Association of Nuclear Medi-
cine recommendations, in which all subjects undergoing PET/CT were
questioned to detect any symptoms suggestive of COVID-19 infection
or any personal contact with a confirmed case during the last 12–48
h (11). The Declaration of Helsinki was respected, and the study was
approved by the local Ethical Committee. Because the study was retro-
spective and took place during the COVID-19 pandemic in Spain, the
need for individual informed consent was waived (institutional review
board approval 20/524-E).

Clinical and Analytic Data
To identify patients with incidental findings suggestive of

COVID-19 pneumonia, we reviewed the 18F-FDG PET/CT data,
including clinical and demographic variables, oncologic indication,
biochemical profile, and follow-up by clinical and imaging techniques
after PET/CT.

PET/CT Imaging
A usual preparation protocol for 18F-FDG PET/CT was followed,

acquiring the images after 6 h of fasting in nondiabetic patients or 4 h in
diabetic patients with a blood glucose level of less than 200mg/dL. All
patients remained at rest for 40–60 min after intravenous administration
of 18F-FDG (5 MBq/kg). All studies were acquired following the Euro-
pean Association of Nuclear Medicine guidelines on a Siemens Biog-
raph 6 True Point PET/CT multimodal device with a 6-ring detector CT
component, performing diagnostic CT (Topogram Dose Modulation
System, CARE Dose4D) with a slice thickness of 5mm and a recon-
struction interval of 3mm. A first inspirational chest CT study was
reconstructed as 2.5-mm slices, at 60mAs and 110 kV, with a tube rota-
tion time of 0.6 s and a pitch of 1.2. Then, another body CT study was
performed from the base of the skull to the mid thigh in the craniocau-
dal direction, during free breathing. For patients who had not undergone
contrast-enhanced CT during the previous month, and in the absence of
contraindications such as iodine allergy or kidney failure, an intravenous
dose of iodinated contrast medium (130 mL of iohexol, Omnipaque
[GE Healthcare], 300mg I/mL) was administered. In total, 782 of 967
18F-FDG PET/CT studies were performed after iodinated contrast
administration. Finally, a PET study was performed at the same loca-
tions as the CT study. The acquisition time was 3 min per bed
(stretcher) position. Data obtained from PET/CT were merged into a
dedicated workstation using the Syngo software system (Siemens

Medical Imaging). Regions of interest were manually placed, and
SUVmax was recorded in the lung parenchyma.

Image Interpretation and Clinical Referral After PET/CT
PET/CT scans were reviewed by at least a nuclear medicine physi-

cian and a radiologist, reaching a consensus on the final interpretation
of each study. The pulmonary findings for each PET/CT study were
analyzed qualitatively (changes were interpreted as positive when the
pulmonary infiltrates showed tracer uptake greater than normal lung
activity) and semiquantitatively (SUVmax). The presence of several
diagnostic features in chest CT, such as opacity pattern, bilateralism,
lobe involvement, multisegmentation, extension, proximity to visceral
pleura and fissures, crazy-paving pattern, hilar lymphadenopathies,
and pleural effusion were reported by an expert radiologist. Then, the
tomographic changes were combined and characterized applying the
COVID-19 Reporting and Data System (CO-RADS) criteria, catego-
rized from 0 to 6 (12,13). In line with local and regional recommenda-
tions, all patients with CO-RADS 4 or 5 COVID-19–suggestive CT
findings on PET/CT were sent to the emergency department immedi-
ately after contacting the referring oncology team. The emergency and
oncology teams determined whether the patient would be admitted to
the hospital or would stay in isolation at home, what preventive meas-
ures might be used, and what the clinical management plan would be.
For patients categorized as CO-RADS 1–3, the PET/CT result was
sent to the treating oncologist as usual.

COVID-19 Diagnosis in the Real-Life Setting
Diagnostic rRT-PCR testing was performed on upper or lower

respiratory specimens. When available, one or more serologic criteria
were included as a surrogate for rRT-PCR, using a plate-based assay
that detects antibodies obtained through enzyme-linked immunosor-
bent assay of serum from a peripheral vein. A confirmed case of
COVID-19 was defined as CO-RADS category 5 or 6 findings (CO-
RADS 5 with or without genetic or serologic confirmation by rRT-
PCR or enzyme-linked immunosorbent assay techniques, respectively)
in the absence of clinical or radiologic findings suggesting other,
cancer-related, causes of lung infiltration (radiant or cytostatic pneu-
monitis, tumoral lymphadenopathies, carcinomatous lymphangitis, or
secondary or newly primary tumoral lesions) (12). These differential
diagnoses were made by at least 1 radiologist and 1 nuclear medicine
physician working in consensus. Because of the design and the previ-
ously reported false-negative rate of rRT-PCR, the diagnosis could not
be confirmed in all subjects in our study sample (14,15).

Statistics
Normality of data was determined through Kolmogorov–Smirnoff

testing. Continuous data are presented as mean 6 SD or as median 6

interquartile range (25th–75th percentiles), when appropriate, and dis-
crete or categoric variables are presented as frequencies. Discrete vari-
ables were compared through the Fisher exact test. A 1-way ANOVA
followed by post hoc testing (Tukey) was applied to compare SUVmax

among cancer patients with different combined tomographic signs
included in the CO-RADS categories, grouped as CO-RADS 5 and 6
versus CO-RADS 4 versus CO-RADS 2 and 3. A second analysis was
aimed at categorizing the chest CT pattern as being highly or very
highly suggestive of COVID-19 pneumonia (group 1, CO-RADS 5
and 6) versus being suggestive at only an indeterminate or low level
(group 2, CO-RADS 2–4). An unpaired t test was applied to compare
pulmonary SUVmax between groups. Because the characteristic chest
CT findings included in CO-RADS 5 category have less than optimal
sensitivity, we added a second, masked, step to CT interpretation for
diagnosis of COVID-19 pneumonia, constructing receiver-operating-
characteristic curves to find the best cutoff for pulmonary SUVmax

against these tomographic criteria (1,12). With this purpose,
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sensitivity, specificity, likelihood ratio, and accuracy were calculated
for different cutoffs. As the ratio of patients with the disease to
patients without the disease does not reflect the true prevalence of the
illness, we used the prevalence method to estimate accuracy for each
cutoff. Accuracy was calculated considering a local COVID-19 pneu-
monia prevalence of 1.6% during the study period. A P value of less
than 0.05 was considered significant (2-tailed). All analyses were per-
formed and graphs created using GraphPad Prism software (version
9.0.0).

RESULTS

In total, 41 of the 967 patients who underwent 18F-FDG PET/CT
for oncologic indications during the study period showed pulmo-
nary infiltrates on CT, representing a frequency of 4.2% (41/967).
Lung cancer (n 5 8), head and neck tumors (n 5 7), and breast

cancer (n 5 6) were the most frequent oncologic indications for
18F-FDG PET/CT, representing 51% (21/41) of patients. A serum
biochemical profile was available in 20 of 41 patients, most of
them with pulmonary infiltrates categorized as CO-RADS 5 on
CT (P 5 0.004). The clinical and analytic characteristics of the
study population are provided in Table 1.
CT signs classified as CO-RADS category 5 or 6 were found in

39% (16/41) of our sample. Almost all of this group of patients
(15/16, 94%) had ground-glass opacities on CT. Infiltrates were
bilateral in 12 patients of this group and peripherally distributed in
10. The presence of subpleural fibrous bands was also frequent (9/
16, 56%). A characteristic crazy-paving pattern was detected in
25% (4/16) of the patients. In contrast, no lymphadenopathies or
pleural effusion was observed in any subject of this group. These
lung changes in 2 patients are shown in Figures 1 and 2.
Tests for COVID-19 were available for 20 patients; the results

were positive in 13 and negative in 7. Twenty-four percent (10/41)
were CO-RADS category 6, 14% (6/41) were category 5, 27% (11/
41) were category 4, 24% (10/41) were category 3, and 10% (4/41)
were category 2. On the qualitative analysis, lung activity was inter-
preted as positive in 40 patients. After multiple comparisons of

SUVmax among different CO-RADS categories, a higher SUVmax

was found for patients with CO-RADS category 5 and 6 than for
patients with category 4 (6.17 6 0.82 vs. 3.78 6 0.50, P 5 0.04) or
categories 2 and 3 (3.596 0.41, P5 0.01) (Fig. 3). After we aggre-
gated tomographic categories, SUVmax was higher for group 1 than
for group 2 (6.17 6 0.82 vs. 3.67 6 0.31, P5 0.002) (Fig. 3).
The area under the curve obtained for different cutoffs of

SUVmax was 0.73 (95% CI, 0.56–0.90; P 5 0.015) (Fig. 4). The
diagnostic yield aiming at eliminating the possibility that the diag-
nosis exists—estimated by comparing the specificity and likeli-
hood ratio for different SUVmax cutoffs against CO-RADS 5 and 6
as a gold standard—is presented in Table 2. An SUVmax cutoff of
3.10 obtained a specificity of at least 75.0%. The best specificity
(93.8%; 95% CI, 71.7%–99.7%) and a higher likelihood ratio and
accuracy were obtained when combining CO-RADS categories 5
and 6 with an SUVmax of 2.45 in pulmonary infiltrates.

A subtotal of 35 of 41 patients with pulmonary infiltrates on
18F-FDG studies were followed by imaging techniques during the
next few weeks after PET/CT (8 d to 8 mo). Pulmonary findings
improved or resolved in 31 of 35 patients, worsened in 2 of 35,
and evolved to post–COVID-19 sequelae in 2 of 35. Five patients
(5/41) referred from other centers were lost during follow-up.
Only 1 patient (1/41), a 78-y-old man with urothelial cancer with-
out signs of recurrence on PET/CT, died after the PET/CT study
(8 d afterward, as a result of severe respiratory failure). In this
patient, COVID-19 pneumonia was confirmed by rRT-PCR,
pulmonary changes were classified as CO-RADS 5 on CT, and
SUVmax was 6.0 on molecular imaging.

DISCUSSION

Incidental changes suggesting COVID-19 pneumonia on the
chest CT portion of 18F-FDG PET/CT studies were found in 4.1%
of cancer patients at our center, a lower proportion than previously
reported (7.1%–9.2%) (7,8,16). These heterogeneous results could
be explained by the differences in health-care facilities and poli-
cies in different medical centers and countries, the time-dependent

TABLE 1
Clinical, Oncologic, and Biochemical Characterization of Study Population

Variable Group 1 (n 5 16) Group 2 (n 5 25) P

Clinical

Age (y) 69.8 6 13.5 64.7 6 14.9 0.28

Male sex 15 (60.0) 7 (43.8) 0.15

Oncologic

Cancer staging 5 (12.2) 7 (17.1) .0.99

rt-PCR or serologic confirmation* 10 (24.4) 3 (7.3) 0.0014

Biochemical†

Serum C reactive protein (mg/mL) 7.5 6 8.7 4.4 6 8.4 0.45

Lymphocyte blood count (per mm3) 1.4 6 0.7 1.2 6 0.6 0.44

Serum alanine aminotransferase (mg/mL) 18.6 6 6.5 19.3 6 4.8 0.82

Serum aspartate aminotransferase (mg/mL) 27.6 6 12.8 22.3 6 6.3 0.33

Serum lactate dehydrogenase (mg/mL) 586.1 6 204.6 473.0 6 163.8 0.22

*One patient with diagnosis of COVID-19 infection was confirmed by serologic IgG test (enzyme-linked immunosorbent assay).
†Analytics were available for patients sent to emergency department with high or very high suspicion based on CO-RADS categories.
Qualitative data are number and percentage; continuous data are mean 6 SD.
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transmissibility of the virus, or other factors related to the study
sample (4,11,17).
Although the diagnostic potential of metabolic activity in pul-

monary infiltrates of suggestive or confirmed COVID-19 pneumo-
nia on PET/CT has recently been described, the correlation
between the CO-RADS scale and the SUVmax of the lung paren-
chyma has not been evaluated in detail until now (6–10,16–21).
Our preliminary results could provide a new perspective on the
pathophysiology of SARS2-CoV-2 lung infection and even rede-
fine the best diagnostic imaging criteria for several patient
subpopulations.
The performance of chest CT for the diagnosis of COVID-19

pneumonia could be even better when applying several combined
findings as in CO-RADS (22). However, the CO-RADS scale has
been validated mainly in patients with moderate or severe symp-
toms and a minor incidence of cancer (21%) (18). The specificity
obtained through our successive, diagnostic design ranged from
81.2% to 95.5%, considering an SUVmax cutoff of 2.25–3.10. Lon-
gitudinal investigation has confirmed that a high proportion of
asymptomatic patients with COVID-19 pneumonia usually mani-
fest symptoms during the next few days and weeks (23). A higher
SUVmax obtained for those CT findings described as more specific
for COVID-19 pneumonia (9,22) represents a new tool indicating
the predictive value of different CO-RADS categories and also
suggests its clinical contribution to discarding this viral pneumonia
in cancer patients, even before the appearance of symptoms.
The methodologic approach of this study was aimed at explor-

ing whether the SUVmax obtained in new pulmonary infiltrates
could contribute to eliminating the possibility that the diagnosis of
COVID-19 pneumonia exists, that is, improving the specificity
obtained through isolated structural changes on chest CT. Not sur-
prisingly, the best specificity was obtained with an SUVmax cutoff

of 2.25–2.55, a value that has been similarly reported as an indica-
tor of benign etiology. This empiric cutoff and the relationship
demonstrated between higher SUVmax and more suggestive
CO-RADS category agree with observational research on other
nonmalignant pulmonary processes (24). However, we confirmed
that a higher SUVmax was observed predominately in the presence
of several tomographic signs of COVID-19 pneumonia (Fig. 3). In
addition to its diagnostic contribution, the close correlation
between structural and metabolic findings could stimulate future
research on the pathophysiology of COVID-19 lung injury in pre-
disposed subjects to better characterize the local inflammatory
component and its possible changes in response to new therapies.
However, the variation in SUVmax observed in lung changes

related to COVID-19 pneumonia could also be influenced by

FIGURE 1. An 86-y-old woman with second primary lung tumor (B and
C, blue arrow) referred for PET/CT to assess therapeutic response.
Maximum-intensity projection (A) and axial sections with lung window (B)
and fusion (C) images showed several pulmonary consolidations located
mainly in right inferior lobe (red arrows, CO-RADS 5), with increased
18F-FDG uptake (SUVmax, 4.6). rRT-PCR was positive for COVID-19.

FIGURE 2. Staging PET/CT of 43-y-old woman with breast cancer (A,
blue arrow). Maximum-intensity projection (A) and axial sections with lung
window (B) and fusion (C) images show bilateral ground-glass pulmonary
infiltrates (red arrows), some of them with pseudonodular morphology,
located in both lower lobes and left middle lobe, with diffuse or peripheral
distribution (SUVmax, 7.8). Early rRT-PCR obtained in emergency depart-
ment was negative for COVID-19, and second test was not available.

FIGURE 3. Association of molecular and structural findings observed on
multimodal imaging. SUVmax is compared among cancer patients of differ-
ent CO-RADS categories.
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factors such as patient weight, motion artifacts, blood glucose lev-
els, dose extravasation, the accuracy of dose calibration, and the
time between injection and imaging. Previous reports on certain
inflammatory pneumonias found that lung areas with consolidation
are associated with a higher SUVmax than are areas with ground-
glass opacity. Histopathologic examinations have revealed that the
number of CD45-positive cells and CD8-positive T lymphocytes
in parenchymal lung lesions correlates positively with SUVmax

(25). As it is well known that there are noncellular components in
ground-glass opacities (particularly in fluid-filled intraalveolar
regions), SUVmax is lower in this pulmonary pattern. This supports
the hypothesis that the higher the CO-RADS is, the highest will be
the SUVmax, as CO-RADS 5 includes patterns of lung consolida-
tion whereas CO-RADS 3–5 include patterns of ground-glass
opacity (12,25,26). In addition, the pulmonary findings related to
COVID-19 pneumonia may vary according to the phase of alveo-
lar damage. In the end stage, with fully established fibrosis, the
lung parenchyma is destroyed, potentially justifying the lower
SUVmax found for lung fibrosis (CO-RADS 1) (12,26). Finally,
the pulmonary findings in COVID-19 are not limited to a simple
infiltrate of infectious and inflammatory cells but include possible

vessel-related damage such as capillary leaks and thrombosis
(26,27). Although these findings are auspicious, the true and com-
plete diagnostic value of different individual CT findings, com-
bined with the local SUVmax on 18F-FDG PET/CT, should be
explored in larger, multicenter experiences.
Several inflammatory lung diseases can be characterized by

molecular findings similar to those of COVID-19 pneumonia in
cancer patients (24). As a consequence, SARS-CoV-2 infection
always needs to be distinguished from other viral or bacterial
causes of pneumonia, as well as from noninfectious diseases such
as pulmonary vasculitis, dermatomyositis, organizing pneumonia
and from posttherapeutic changes. Finally, some patients with
viral pneumonia may test positively to more than one virus, and
the potential lethality of coinfection with SARS-CoV-2 and influ-
enza should not be ignored. In diagnosing COVID-19 pneumonia
during a local outbreak, we considered multiple CT findings and
expert opinions, and not all patients underwent genetic testing or
screening for other sources of infection. Our results should there-
fore be interpreted cautiously and should be considered as generat-
ing only a plausible hypothesis about the value of using PET/CT
early to diagnose COVID-19 in cancer patients (28).
Our results should encourage all nuclear medicine physicians to

pay special attention to incidental 18F-FDG PET/CT findings sug-
gesting pneumonia and act as quickly as possible (29). During the
COVID-19 outbreak in Spain, all nuclear medicine departments
followed the safety and prevention protocols provided by the
European Association of Nuclear Medicine, in a collective effort
to allow for safer diagnosis and treatment procedures (11). Impor-
tantly, 18F-FDG PET/CT is a more complex procedure than chest
CT and requires more time, leading a possible increased risk of
viral spread. In addition, the probability of diagnosing at least
some asymptomatic high-risk patients with COVID-19 infection
by various common nuclear medicine procedures such as 18F-FDG
PET/CT is not negligible (29). On the other hand, the oncology
team needs to weigh the risk of death and morbidity from
COVID-19 against the benefit of applying several therapies.
Obtaining more detailed data through PET/CT could have a dou-
bly positive impact by lowering the risk of spreading the infection
while increasing the expected benefits of cancer therapy. This
complex, critical clinical scenario requires maintaining an ade-
quate balance for each individual.
The main limitation of our study is the small real-life sample of

cancer patients with suspected COVID-19 pneumonia and use of
only a single center. A second limitation is that the time since infec-
tion was not known, preventing us from evaluating the real impact
of early diagnosis in predisposed patients. A third limitation is that

FIGURE 4. Receiver-operating-characteristic curve of SUVmax to detect
COVID-19 pneumonia on basis of structural tomographic diagnosis (CO-
RADS 5 and 6).

TABLE 2
Potential Usefulness of Different Cutoffs for 18F/FDG PET/CT SUVmax to Confirm or Eliminate Possibility That Tomographic

Diagnosis of COVID-19 Exists

SUVmax cutoff Sensitivity (%) 95% CI (%) Specificity (%) 95% CI (%) LR Accuracy (%)

,2.45 24.0 11.5–43.4 93.8 71.7–99.7 3.8 92.9

,2.55 24.0 11.5–43.4 87.5 64.0–97.8 1.9 86.7

,2.85 32.0 17.2–51.6 81.3 57.0–93.4 1.7 80.7

,3.10 36.0 20.3–55–5 75.0 50.5–89.8 1.4 74.5

LR 5 likelihood ratio.
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only 1 examiner interpreted the CT images and that interrater vari-
ability in each CO-RADS category could therefore not be evaluated
(22). Finally, the size of reference bias was not estimated.

CONCLUSION

In asymptomatic cancer patients, the SUVmax of lung paren-
chyma infiltrates on 18F-FDG PET/CT studies is closely associated
with several tomographic changes characteristic of COVID-19
pneumonia. Multimodal 18F-FDG PET/CT imaging could provide
additional information during the diagnosis of COVID-19 in
selected patients, even in early stages of the disease. Future pro-
spective experiences are required to define the prognostic value of
combining radiologic and molecular findings in cancer patients
and other subpopulations at high risk for COVID-19 pneumonia.
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KEY POINTS

QUESTION: What is the association between metabolic and
structural changes in lung parenchyma in asymptomatic cancer
patients with suspected COVID-19 pneumonia?

PERTINENT FINDINGS: The SUVmax of lung parenchyma infiltrates
is closely associated with several tomographic changes
characteristic of COVID-19 pneumonia (CO-RADS categories) in
asymptomatic cancer patients undergoing 18F-FDG PET/CT.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET/CT may pro-
vide additional information about early diagnosis of COVID-19
pneumonia in cancer patients during the pandemic.
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Comparing Semiquantitative and Qualitative Methods
of Vascular 18F-FDG PET Activity Measurement in
Large-Vessel Vasculitis
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Mark A. Ahlman*2, and Peter C. Grayson*1
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The study rationale was to assess the performance of qualitative and
semiquantitative scoring methods for 18F-FDG PET assessment in
large-vessel vasculitis. Methods: Patients with giant cell arteritis or
Takayasu arteritis underwent independent clinical and imaging
assessments within a prospective observational cohort. 18F-FDG
PET/CT scans were interpreted for active vasculitis by central reader
assessment. Arterial 18F-FDG uptake was scored by qualitative visual
assessment using the PET vascular activity score (PETVAS) and by
semiquantitative assessment using SUVs and target-to-background
ratios (TBRs) relative to liver or blood activity. The performance of
each scoring method was assessed by intrarater reliability using the
intraclass correlation coefficient (ICC) and areas under the receiver-
operating-characteristic curve, applying physician assessment of clini-
cal disease activity and reader interpretation of vascular PET activity
as independent reference standards. The Wilcoxon signed-rank test
was used to analyze change in arterial 18F-FDG uptake over time.
Results: Ninety-five patients (giant cell arteritis, 52; Takayasu arteritis,
43) contributed 212 18F-FDG PET studies. The ICC for semiquantita-
tive evaluation (0.99 [range, 0.98–1.00]) was greater than the ICC for
qualitative evaluation (0.82 [range, 0.56–0.93]). PETVAS and target-to-
background ratio metrics were more strongly associated with reader
interpretation of PET activity than SUV metrics. All assessment meth-
ods were significantly associated with physician assessment of clinical
disease activity, but the semiquantitative metric liver tissue-to-back-
ground ratio (TBRLiver) achieved the highest area under the receiver-
operating-characteristic curve (0.66). Significant but weak correlations
with C-reactive protein were observed for SUV metrics (r 5 0.19, P ,

0.01) and TBRLiver (r5 0.20, P, 0.01) but not for PETVAS. In response
to increased treatment in 56 patients, arterial 18F-FDG uptake was sig-
nificantly reduced when measured by semiquantitative (TBRLiver,
1.31–1.23; 6.1% change; P , 0.0001) or qualitative (PETVAS, 22–18;
P , 0.0001) methods. Semiquantitative metrics provided information
complementary to qualitative evaluation in cases of severe vascular
inflammation. Conclusion: Both qualitative and semiquantitative
methods of measuring arterial 18F-FDG uptake are useful in assessing
and monitoring vascular inflammation in large-vessel vasculitis. Com-
pared with qualitative metrics, semiquantitative methods have superior
reliability and better discriminate treatment response in cases of severe
inflammation.

Key Words: vasculitis; Takayasu arteritis; giant cell arteritis; PET;
outcomemeasure
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Large-vessel vasculitis (LVV) refers to a class of rare diseases
characterized by inflammation of the aorta and its primary branch
arteries. Giant cell arteritis and Takayasu arteritis comprise the 2
major subtypes of LVV (1). 18F-FDG PET can detect metabolic
activity in the walls of large arteries as a biomarker of vascular
inflammation (2). Ample evidence supports the use of 18F-FDG
PET as a diagnostic surrogate to histologic confirmation of vascu-
litis, which is advantageous because arterial biopsies are invasive
and can be difficult to obtain (3,4). In contrast to diagnostic assess-
ment, use of arterial 18F-FDG uptake to guide treatment decisions
and monitor disease activity is less well defined (5–9), in part
because of lack of prospective, longitudinal imaging studies on
LVV (10,11). Reliance on clinical assessment alone may lead to
underdetection of vascular pathology (12). Vascular inflammation
with angiographic progression of disease can occur in patients
with LVV who are otherwise completely asymptomatic, highlight-
ing a need for vascular imaging to complement clinical assessment
in these patients (13).
Uncertainty about the optimal method to evaluate 18F-FDG uptake

in the large arteries remains a major barrier to the use of 18F-FDG
PET to monitor vascular inflammation (11). Both visual/qualitative
and semiquantitative methods of 18F-FDG PET assessment have
been reported in LVV. Qualitative methods typically visually com-
pare the amount of 18F-FDG uptake in the arterial wall relative to a
background tissue, such as the liver (11,14), similar to the Deauville
score used in lymphoma (15). In contrast, semiquantitative methods
use regions of interest (ROIs) constructed on the PET image to deter-
mine SUVmax (16). Target-to-background ratios (TBRs), comprised
of SUVs from arterial tissue referenced to background tissue (e.g.,
liver, blood pool), are also used to quantify arterial 18F-FDG uptake
in atherosclerosis and vasculitis (17). Recent recommendations high-
light that several methods of quantifying arterial 18F-FDG uptake are
available, but the relevance of each method in evaluating patients
requires further clarification (11). SUV metrics often overlap
between patients with LVV and controls, and many patients with
LVV have residual, and sometimes profound, arterial 18F-FDG
uptake during periods of apparent clinical remission (18).
There is an unmet need to better understand the strengths and

weaknesses of qualitative versus semiquantitative methods of
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quantifying arterial 18F-FDG uptake in LVV. Semiquantitative
assessment of arterial 18F-FDG uptake can be a time-consuming
process, which may be difficult to apply in a contemporary clinical
setting or be cost-prohibitive in research. In contrast, qualitative
PET assessment may be easier to do with appropriate user train-
ing; however, qualitative assessment may be less reliable and
accurate in quantifying arterial 18F-FDG uptake than are semiqua-
litative approaches (19,20).
This study aimed to compare the effectiveness of qualitative

and semiquantitative scoring methods, with the goal of informing
a standardized approach to 18F-FDG PET assessment in LVV for
use in clinical care and research.

MATERIALS AND METHODS

Study Population
Patients with LVV who were at least 18 y old were recruited into a

prospective, observational cohort at the National Institutes of Health.
All patients provided written informed consent, and the study was
approved by an institutional review board at the National Institutes of
Health (NCT02257866; 14-AR-0200). All patients fulfilled the 1990
American College of Rheumatology Classification Criteria for
Takayasu arteritis (21) or the modified 1990 American College of
Rheumatology Criteria for giant cell arteritis (22,23). The patients
were enrolled at various stages of the disease course. Treatment deci-
sions were made at the discretion of each patient’s local health-care
provider rather than by the investigative research team.

Clinical Assessment
Each patient’s imaging assessment took place within 24 h after that

same patient’s clinical assessment at the National Institutes of Health
Clinical Center. Repeat imaging studies and clinical assessments were
performed at 6-mo intervals. A team of clinical rheumatologists with
further specialist training and experience in LVV evaluated all cases.
Physician assessment of clinical disease activity was recorded as
active or remission on the basis of findings from the medical history,
physical examination, and laboratory assessments. Active disease was
defined as the presence of clinical disease features attributed to vascu-
litis (e.g., carotidynia) at the time of assessment. Remission was
defined as the absence of clinical symptoms attributable to vasculitis
at the time of assessment. Imaging study findings were not incorpo-
rated into the definition of clinical disease activity.

18F-FDG PET Imaging Protocol
All patients underwent 18F-FDG PET CT on a 128-detector-row Biog-

raph mCT (Siemens Medical Solutions). The patients were given detailed
instructions to avoid carbohydrate-laden meals 1 d before imaging and to
fast on the day of imaging. The 18F-FDG dose was fixed to 370 MBq for
all patients. Images of the torso were acquired 2h after injection. Postac-
quisition image reconstruction used CT attenuation correction and itera-
tive reconstruction (point-spread function correction with time-of-flight
correction, 3 iterations, 21 subsets, a 256 matrix, a final isotropic voxel
resolution of 3.2 mm3, and no postreconstruction filtering).

18F-FDG PET Imaging Assessment
Qualitative Analysis. One imaging specialist interpreted all PET

studies without knowledge of the clinical data. A study was excluded
if there were technical concerns about image quality per physician
review. Each study was subjectively interpreted as PET-active or
PET-inactive if, respectively, there was or was not at least 1 area of
abnormal arterial 18F-FDG uptake felt to represent vascular inflamma-
tion. Intra- and interrater reproducibility of LVV PET image interpre-
tation by our group has been previously reported to be excellent (18).
Qualitative assessment of 18F-FDG uptake was also performed at the

territory level, which included 4 segments of the aorta (ascending,
arch, descending thoracic, and abdominal) and 5 branch arteries (bra-
chiocephalic, right and left carotid, and right and left subclavian).
Scores between 0 and 3 were assigned to each territory, representing
the visual degree of arterial 18F-FDG uptake relative to liver 18F-FDG
uptake (0, no uptake; 1, less than liver; 2, similar to liver; and 3,
greater than liver). Adding the qualitative arterial territory scores
yields a summary score (termed the PET vascular activity score, or
PETVAS) ranging from 0 to 27, with higher scores indicating a
greater global burden of vascular inflammation (18).
Semiquantitative Analysis. ROIs were manually contoured in

OsiriX DICOM Viewer (version 9.5.2) with respect to both CT anatomic
location and coregistered PET activity to determine arterial 18F-FDG
SUVs. ROIs were drawn in the axial dimension, encompassing both arte-
rial wall and lumen. Five segments of the aorta (ascending aorta, aortic
arch, descending thoracic aorta, suprarenal abdominal aorta, and infrare-
nal abdominal aorta) and 4 branch arteries (right and left common carotid
and subclavian arteries) were segmented in this process to create 9 terri-
tories. The 18F-FDG SUVmax per ROI of each territory was identified. A
territory score was calculated by taking the average of the SUVmax across
all ROIs in the territory (17). A global summary metric (SUVArtery) was
calculated by averaging all territory scores.

The volumetric SUVmean in the liver was measured in the dome of
the right lobe. The volumetric SUVmean in the venous blood pool was
measured within the right jugular, superior vena cava, right atrium,
and inferior vena cava. SUVArtery was divided by the background tis-
sue to generate 2 TBR metrics: liver TBR (TBRLiver) and blood TBR
(TBRBlood).

Statistical Analysis
Intrarater Reliability. Intrarater reliability, reflecting the variation

in data measured by 1 rater over multiple trials, was quantified with a
2-way random effect (consistency) and a single-measurement intra-
class correlation coefficient (ICC) (24). ICC estimates and their 95%
CIs were calculated using R, package irr (version 0.84.1). ICCs lie
between 0 and 1. Values less than 0.5, between 0.5 and 0.75, between
0.75 and 0.9, and greater than 0.9 are indicative of poor, moderate,
good, and excellent reliability, respectively. The ICC for the qualita-
tive approach was obtained by repeating PETVAS on a set of ran-
domly selected patients. The ICC for the semiquantitative approach
was obtained by recontouring ROIs to recalculate SUVArtery for a set
of randomly selected patients representing 10% of the cohort.
Receiver-Operating-Characteristic Curve. Area under the

receiver-operating-characteristic curve (AUC), along with the 95% CI,
was used as a combined measure of sensitivity and specificity to eval-
uate the overall performance of the PET scoring metrics as classifiers
of a binary outcome (25), either reader interpretation of vascular PET
activity (PET-active vs. PET-inactive) or physician assessment of clin-
ical disease activity (clinically active vs. clinical remission). AUCs lie
between 0 and 1. Metrics with capability to distinguish between binary
outcomes will result in an AUC above 0.5, with larger AUCs suggest-
ing better diagnostic performance. The Youden J statistic was used to
determine the optimal cutoff score that maximized the distance to the
identity (diagonal) line.
Mixed-Effects Logistic Regression. To account for repeated imag-

ing contributions from a single patient, generalized linear mixed mod-
els with logistic outcomes were constructed. The dependent variable
was a binary classification of either reader interpretation of vascular
PET activity (PET-active vs. PET-inactive) or physician assessment of
clinical disease activity (clinically active vs. clinical remission). The
PET scoring metric, either semiquantitative or qualitative, was used as
the fixed effect, with patient identification used as a random effect. A
“bound optimization by quadratic approximation” nonlinear optimizer
and 10 points of integration for the adaptive gaussian Hermite
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approximation were used as model control parameters. Independent
generalized linear mixed models were created for each scoring
method. The Akaike information criterion (AIC) estimates the infor-
mation loss for a given model and is a means for model selection. Rel-
ative to the other models, the candidate model with the lowest AIC
minimizes estimated information loss. All generalized linear mixed-
model analysis was performed using R, package lme4 (version
1.1-21).
Correlation Analysis. Spearman rank-order correlation was used

to measure the association between the PET scoring metrics and the
acute-phase reactants (C-reactive protein and erythrocyte sedimenta-
tion rate). The Spearman r, ranging from 0 to 1, and the P value of the
correlation are presented.
Longitudinal PET Assessment in Response to Treatment. The

Wilcoxon matched-pairs signed-rank test was used to compare
changes in PET assessment metrics between 2 time points for the
same patient. When stratifying by treatment status, we placed initial
and follow-up scan pairings into increased-treatment and no-change
groups. Increased treatment was defined as the introduction of a
glucocorticoid-sparing medication or an increase in daily prednisone
dose by more than 5 mg. No change was defined as maintenance of
biologic agent administration or a stable glucocorticoid dosage.

Semiquantitative metrics of 18F-FDG PET activity exist on a continu-
ous scale. In contrast, a qualitative metric such as PETVAS is ordinal,
with a maximum score of 27 (18). In cases of severe inflammation in
which PET activity may be reduced but remains in a range above the
maximum PETVAS score, semiquantitative metrics may be better suited
to demonstrate a change in PET activity. A subset of patients was
selected who had, first, severe vascular inflammation defined by a base-
line PETVAS score of 27 and, second, a reduction in 18F-FDG uptake
on the follow-up scan by visual assessment, as agreed on by 2 indepen-
dent readers. The longitudinal change in PET activity measured by PET-
VAS versus TBRLiver metrics was compared in this subset of patients.

RESULTS

Study Population
In total, 95 patients (giant cell arteritis, 52; Takayasu arteritis,

43) contributed 212 imaging studies. Three imaging studies were

excluded because of concerns about image quality. Demographics
were consistent with the expected age and sex distributions for
giant cell arteritis and Takayasu arteritis (Table 1). The patients
were seen, on average, 6.1 y into the disease course while taking,
on average, 8.3 mg of daily prednisone.

Intrarater Reliability
Intrarater reliability for repeat scoring of 34 imaging studies

using the semiquantitative scoring protocol was excellent (ICC,
0.99; range, 0.98–1.00). Intrarater reliability for the qualitative
assessment by PETVAS was good (ICC, 0.82; range, 0.56–0.93).

Quantification of Arterial 18F-FDG Uptake in Association with
Reader Interpretation of PET Scan Activity
Of 209 18F-FDG PET imaging studies, 147 scans were inter-

preted as PET-active and 62 scans as PET-inactive. Compared
with the use of SUV alone, discriminatory power (AUC) was
greater and model quality was better (lower AIC) when TBR was
used to differentiate PET-active from PET-inactive scans (Table
2). PETVAS performed similarly to TBR, with better performance
characteristics than SUV. PETVAS achieved the highest AUC and
lowest AIC relative to the other models, with an optimal cutoff of
19.5 (Table 2).

Quantification of Arterial 18F-FDG Uptake in Association with
Physician Assessment of Clinical Disease Activity and
Laboratory Tests
Complete clinical and imaging assessments were available for

206 study visits. Clinical disease activity was assessed as clinically
active for 95 study visits and clinical remission for 131 study vis-
its. Corresponding arterial 18F-FDG uptake evaluated by any pro-
posed method significantly discriminated active disease from
clinical remission, but TBR metrics and PETVAS resulted in
higher AUCs than did SUV metrics (Table 3). Within the pro-
posed mixed models, the PETVAS-informed model had the lowest
AIC when predicting the same clinical outcomes as the other mod-
els, suggesting the best model fit (26). Broadly, all AUCs were
lower when 18F-FDG metrics were compared with clinical

TABLE 1
Baseline Demographics of Study Population

Demographic Giant cell arteritis Takayasu arteritis Total

Patients 52 43 95

PET/CT studies per patient

1 study 22 19 41

2 studies 11 14 25

$3 studies 19 10 29

Age (y) 69.2 6 8.9 34.3 6 10.3 55.9 6 19.4

Female 41 (78.8%) 33 (76.7%) 74 (77.9%)

BMI 27.3 6 5.5 25.9 6 6.7 26.8 6 6.0

CRP 6.8 6 14.1 10.7 6 21.7 8.3 6 17.4

ESR 17.3 6 19.1 19.4 6 16.6 18.1 6 18.2

Daily prednisone (mg) 9.0 6 13.9 7.2 6 11.3 8.33 6 12.9

Disease duration (y) 2.98 6 2.41 10.9 6 10.7 6.06 6 7.94

BMI 5 body mass index; CRP 5 C-reactive protein; ESR 5 erythrocyte sedimentation rate
Qualitative data are number; continuous data are mean 6 SD.
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assessment than when reader interpretation of PET activity was
used as the reference standard.
Significant but weak correlations with acute-phase reactants

were observed for SUVArtery (C-reactive protein: r 5 0.19, P ,
0.01; erythrocyte sedimentation rate: r 5 0.14, P 5 0.04) and
TBRLiver (C-reactive protein: r 5 0.20, P , 0.01; erythrocyte

sedimentation rate: r 5 0.15, P 5 0.03). Neither TBRBlood nor
PETVAS correlated significantly with C-reactive protein or eryth-
rocyte sedimentation rate (Table 4).

Longitudinal Treatment Response
Treatment was increased over 56 interval study visits. Corre-

spondingly, there was a significant reduction in vascular inflamma-
tion by the semiquantitative approach (median TBRLiver, 1.31
[IQR, 1.19–1.59] to 1.23 [IQR, 1.13–1.39]; P , 0.001) or the
qualitative approach (median PETVAS, 22 [IQR, 17–25] to 18
[IQR, 15–22]; P , 0.001). Over 25 interval visits for which there
was no change in treatment status between successive imaging
studies, the degree of vascular inflammation remained similarly
unchanged as measured by either semiquantitative assessment
(median TBRLiver, 1.39 [IQR, 1.24–1.54] to 1.35 [IQR,
1.78–1.49]; P 5 0.22) or qualitative assessment (median PET-
VAS, 21 [IQR, 18–25] to 21 [IQR, 18.5–25]; P 5 0.68) (Figs. 1
and 2).
A subset of 9 patients with severe inflammation (baseline PET-

VAS of 27) who had a visually apparent reduction in arterial
18F-FDG uptake on the follow-up imaging study were studied.
PETVAS was significantly reduced from a score of 27 at baseline
to a median score of 24 (IQR, 18.5–26; P , 0.01) at the follow-up
visit (Fig. 3). TBRLiver scores in these same patients were

TABLE 2
Performance Characteristics of Semiquantitative and Qualitative PET Assessment Methods in Association with Subjective

Reader Interpretation of PET Activity

Descriptive statistic
GLMM evaluation

Parameter
PET active

(mean 6 SEM)
PET inactive

(mean 6 SEM) AUC (95% CI) Optimal cutoff P AIC

LVV (n) 147 62

SUVArtery 3.41 6 0.10 2.78 6 0.08 0.67 (0.60–0.75) 3.36 , 0.0001 226.9

TBRLiver 1.45 6 0.04 1.09 6 0.02 0.85 (0.80–0.90) 1.22 , 0.0001 179.0

TBRBlood 2.59 6 0.07 2.03 6 0.03 0.80 (0.74–0.86) 2.31 , 0.0001 198.2

PETVAS 20.83 6 0.41 12.87 6 0.58 0.87 (0.83–0.92) 19.5 , 0.0001 165.2

GLMM 5 generalized linear mixed model.

TABLE 3
Performance Characteristics of Semiquantitative and Qualitative PET Assessment Methods in Association with Physician

Assessment of Clinical Disease Activity

Descriptive statistic
GLMM evaluation

Parameter
Clinical active
(mean 6 SEM)

Clinical remission
(mean 6 SEM) AUC (95% CI) Optimal cutoff P AIC

LVV (n) 75 131

SUVArtery 3.43 6 0.13 3.11 6 0.09 0.59 (0.51–0.68) 3.58 0.0293 255.2

TBRLiver 1.46 6 0.06 1.27 6 0.03 0.66 (0.58–0.73) 1.46 0.0002 253.1

TBRBlood 2.60 6 0.09 2.31 6 0.06 0.65 (0.57–0.73) 2.39 0.0003 254.7

PETVAS 20.6 6 0.56 17.3 6 0.55 0.65 (0.57–0.73) 22.5 0.0004 239.5

GLMM 5 generalized linear mixed model.

TABLE 4
Correlation of Semiquantitative and Qualitative

PET Assessment Methods to Acute-Phase Reactants
(CRP and ESR)

CRP ESR

Spearman r P Spearman r P

SUVArtery 0.19 ,0.01 0.14 0.04

TBRLiver 0.20 ,0.01 0.15 0.03

TBRBlood 0.11 0.14 0.02 0.78

PETVAS 0.08 0.29 0.08 0.27

CRP5 C-reactive protein; ESR 5 erythrocyte sedimentation rate.
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a median of 1.86 (range, 1.55–2.63) at the baseline visit, with a
significant reduction in scores at follow-up (median, 1.24 [range,
1.14–1.69]; P , 0.01). Although the baseline PETVAS scores
were the same for all 9 patients, there was a corresponding
dynamic range of baseline TBRLiver scores, reflecting variability
among these patients. TBRLiver was reduced over time in
every patient; however, in only 3 of 9 patients was there a
reduction in PETVAS, and this reduction was minimal (i.e.,
change # 1 point). Representative images from a patient with a
visually apparent reduction in vascular PET activity are shown in
Figure 4.

DISCUSSION

Use of 18F-FDG PET to monitor vascular inflammation in LVV
holds promise as a complement to clinical and laboratory-based
assessment (10,18,27,28). Visualizing glucose metabolism within
the arterial wall as a biomarker of vascular inflammation enables
clinicians to noninvasively diagnose and track disease activity in

LVV directly in the target tissue, in parallel with clinical and labo-
ratory assessments (29). This ability is particularly important in
LVV because patients can develop subclinical vascular inflamma-
tion that has no accompanying clinical symptoms or abnormal lab-
oratory findings and can be detected and monitored only by
vascular imaging (18,28,30). The present study advances our
understanding of the strengths and weaknesses of different meth-
odologic approaches to quantifying vascular inflammation.
Reassuringly, both qualitative and semiquantitative approaches

performed well in detecting and monitoring arterial 18F-FDG PET
uptake in patients with LVV. PETVAS, a qualitative scoring
approach developed by our group, and semiquantitative methods
had good-to-excellent intrarater reliability. Because some patients
can show vascular inflammation on PET in the absence of clinical
activity, we studied the performance characteristics of qualitative
and semiquantitative metrics against 2 independent reference
standards (31). As expected, SUV metrics, TBRs, and PETVAS
were significantly associated with reader interpretation of vascular

FIGURE 1. Response of qualitative 18F-FDG PET assessment scores to
increased pharmacologic treatment (A) and to no change in pharmaco-
logic treatment (B). Data are shown as box-and-whisker plots with paired
comparisons. ns5 P. 0.05. ****P, 0.001.

FIGURE 2. Response of semiquantitative 18F-FDG PET assessment
scores to increased pharmacologic treatment (A) and to no change in
pharmacologic treatment (B). Data are shown as box-and-whisker plots
with paired comparisons. ns5 P. 0.05. ****P, 0.001.

FIGURE 3. Change in 18F-FDG PET assessment metrics in subset of
patients with maximum baseline PETVAS using qualitative metrics (A) and
semiquantitative metrics (B). ns5 P. 0.05. **P, 0.01.

FIGURE 4. Improvement in 18F-FDG activity over time in patient with
severe vascular inflammation. (A) Baseline imaging study with PETVAS of
27 (maximal score). (B) Follow-up imaging 6 mo later with continued PET-
VAS of 27 despite visual improvement in arterial 18F-FDG uptake and cor-
responding decrease in semiquantitative metrics (TBRLiver) from 3.90 to
2.73. Arrows show areas of increased 18F-FDG uptake in right and left
subclavian/axillary arteries and abdominal aorta.
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PET activity; however, TBRs and PETVAS outperformed SUV
metrics as evidenced by a higher AUC in the models. When com-
pared against physician assessment of clinical disease activity as
the reference standard, all the metrics distinguished between active
clinical disease and remission, with lower AUCs than when using
reader interpretation of PET activity as the reference standard,
showing that clinical assessment is not always linked to vascular
inflammation. Both qualitative and semiquantitative approaches
were useful in demonstrating a reduction in the burden of vascular
inflammation in response to treatment, suggesting they have utility
as outcome measures in future treatment trials on LVV.
The ease of implementation makes a qualitative strategy such as

PETVAS an attractive option for clinical assessment; however,
there are some limitations in comparison to semiquantitative
approaches. Qualitative visual assessment requires reader experi-
ence and is subjective. Semiquantitative approaches, although
more time-consuming and labor-intensive, are more reliable than
PETVAS. The granularity and continuous scale of semiquantita-
tive scoring systems leads to a better ability to discriminate change
in PET activity across a wider range of values. Use of an ordinal
scale such as PETVAS, with a ceiling limit of 27, may not capture
important variability in patients with severe vascular inflammation,
a situation in which semiquantitative metrics may be preferable or
may provide an opportunity to investigate improvements in quali-
tative scoring.
Semiquantitative approaches correlated better than qualitative

assessments with circulating markers of systemic inflammation;
however, the correlation was weak. Future biomarker discovery
studies on LVV that use 18F-FDG PET findings as a reference
standard for disease activity should consider semiquantitative met-
rics rather than quantitative metrics of vascular inflammation, for
greater precision in detecting candidate circulating biomarkers. In
keeping with prior studies, the overall correlation of vascular
inflammation with concentrations of acute-phase reactants was
poor (28).
TBRs and PETVAS achieved better performance characteristics

than SUV when compared with reader interpretation of vascular
PET activity, as is in line with a recent study by an independent
group (30). TBRLiver and TBRBlood displayed near-identical per-
formance characteristics in association with clinical assessment of
disease activity. However, TBRLiver was more strongly associated
with reader interpretation of vascular PET activity and with circu-
lating acute-phase reactants.
There are several study strengths to highlight. 18F-FDG PET

image acquisition and subsequent imaging interpretation were per-
formed according to standardized protocols. Clinical and imaging
assessments were performed independent of each other to enable
unbiased comparisons. A prospective, longitudinal study design
was used, which is uncommon in vascular imaging studies on
LVV but are important in understanding the utility of 18F-FDG
PET to detect changes in vascular inflammation and in avoiding
bias inherent in retrospective study designs. The performance
characteristics of PET assessment were tested against both reader
interpretation of PET activity and physician assessment of clinical
disease activity and performed well against both of these indepen-
dent reference standards.
There are a few limitations to consider. This study was con-

ducted at a single center using a specific imaging protocol, and
these findings should be replicated in other cohorts. Specifically,
the qualitative and quantitative imaging metrics reported here are
a product of the methodology used for patient preparation, image

acquisition, and image reconstruction at a single institution. Thus,
the performance characteristics of discrete cutoffs for metrics, as
applied in this study, will vary if the same cutoffs are applied
broadly. This study compared the performance of different meth-
ods of measuring arterial 18F-FDG uptake, as might be used in the
clinical management of patients or in clinical trials of LVV. How-
ever, issues of feasibility and cost must be balanced against poten-
tial test utility.

CONCLUSION

Qualitative and semiquantitative approaches to measuring arte-
rial 18F-FDG uptake are useful in detecting and monitoring vascu-
lar inflammation in LVV. Qualitative metrics, such as PETVAS,
can be used for 18F-FDG PET assessment when simplicity and
ease of interpretation are a priority, as is often the case in clinical
practice or observational studies. Semiquantitative metrics can be
used for 18F-FDG PET assessment when there is a need for greater
precision, such as in randomized clinical trials or translational
research focused on biomarker discovery.
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KEY POINTS

QUESTION: How do the performance characteristics of qualitative
versus semiquantitative metrics of arterial 18F-FDG uptake com-
pare, in detecting and monitoring vascular inflammation by PET?

PERTINENT FINDINGS: In this prospective, observational cohort
study of 95 patients with LVV, qualitative and semiquantitative
measurements of arterial 18F-FDG uptake were useful in monitor-
ing vascular inflammation.

IMPLICATIONS FOR PATIENT CARE: Assessment of vascular
inflammation by 18F-FDG-PET should be studied as an outcome
measure in clinical trials of LVV.
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Measuring amyloid and predicting tau status using a single amyloid
PET study would be valuable for assessing brain AD pathophysiology.
We hypothesized that early-frame amyloid PET (efAP) correlates with
the presence of tau pathology because the initial regional brain con-
centrations of radioactivity are determined primarily by blood flow,
which is expected to be decreased in the setting of tau pathology.
Methods: The study included 120 participants (63 amyloid-positive
and 57 amyloid-negative) with dynamic 18F-florbetapir PET and static
18F-flortaucipir PET scans obtained within 6 mo of each other. These
subjects were predominantly cognitively intact in both the amyloid-
positive (63%) and the amyloid-negative (93%) groups. Parameters
for efAP quantification were optimized for stratification of tau PET
positivity, assessed by either a tauopathy score or Braak regions. The
ability of efAP to stratify tau positivity was measured using receiver-
operating-characteristic analysis of area under the curve (AUC). Pear-
son r and Spearman r were used for parametric and nonparametric
comparisons between efAP and tau PET, respectively. Standardized
net benefit was used to evaluate improvement in using efAP as an
additional copredictor over hippocampal volume in predicting tau PET
positivity. Results:Measuring efAP within the hippocampus and sum-
ming the first 3 min of brain activity after injection showed the stron-
gest discriminative ability to stratify for tau positivity (AUC, 0.67–0.89
across tau PET Braak regions) in amyloid-positive individuals. Hippo-
campal efAP correlated significantly with a global tau PET tauopathy
score in amyloid-positive participants (r520.57, P, 0.0001). Com-
pared with hippocampal volume, hippocampal efAP showed a stron-
ger association with tau PET Braak stage (r520.58 vs. 20.37) and
superior stratification of tau PET tauopathy score (AUC, 0.86 vs. 0.66;
P5 0.002). Conclusion: Hippocampal efAP can provide additional
information to conventional amyloid PET, including estimation of the
likelihood of tau positivity in amyloid-positive individuals.

Key Words: 18F-florbetapir PET; 18F-flortaucipir PET; early-phase
PET; early-frame amyloid PET
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Alzheimer disease (AD) is the primary cause of age-related
dementia, affecting approximately 50 million people worldwide.
AD pathophysiologic processes begin years before clinical symp-
toms. Established neuroimaging biomarkers include neurodegen-
eration with MRI and 18F-FDG PET, as well as 18F-florbetapir,
18F-florbetaben, and 18F-flutemetamol for amyloid plaques and
18F-flortaucipir for tau tangles, respectively (1). These biomarkers
can predict pathophysiologic progression and cognitive perfor-
mance (1,2).
In standard amyloid PET studies, amyloid status is measured

30–120 min after injection, depending on the tracer (3,4).
Dynamic acquisition allows collection of a second potential bio-
marker during the initial tracer flow–delivery phase (5–7), but the
clinical role of these early uptake measures is not well defined.
Several groups have shown strong correlations between early flow
measures from dynamic amyloid PET and regional cerebral perfu-
sion measured with 15O-water PET (6,8) and between early flow
measures from dynamic amyloid PET and regional cerebral glu-
cose metabolism measured with 18F-FDG (9–11). Other studies
have shown that a higher tau burden as measured with PET corre-
lates with regional hypometabolism observed with 18F-FDG PET
(12,13). This body of work led us to pursue the relationship
between flow measures with dynamic amyloid PET and the pres-
ence of tau pathology.
The objectives of this study were to determine the relationship

between early-frame amyloid PET (efAP) and tau PET in amy-
loid-positive individuals and to assess the potential of dynamic
amyloid PET to predict tau PET status. We chose a relatively sim-
ple method to calculate efAP in order to increase the clinical rele-
vance and ease of implementation. We hypothesized that reduced
efAP would correlate with pathologic tau measured by PET in
amyloid-positive individuals evaluated with both dynamic amyloid
and tau PET scans within 6 mo of each other.

MATERIALS AND METHODS

Study Population
Participants were selected from a cohort at the Charles F. and

Joanne Knight Alzheimer Disease Research Center at Washington
University in St. Louis. The recruitment, assessment, and exclusion
criteria methods have been published previously (14) and are available
at https://knightadrc.wustl.edu. All studies were approved by the
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Institutional Review Board at Washington University in St. Louis and
the University of Alabama at Birmingham, indicating compliance with
all ethical regulations; informed consent was obtained from all partici-
pants before study enrollment.

From the cohort of 410 unique participants, 63 amyloid-positive
and 57 amyloid-negative participants who met the eligibility criteria
were selected. Subjects had to have dynamic amyloid PET, tau PET,
and brain MRI completed within 6 mo of each other and at least
18mo of neuropsychologic evaluation after completion of imaging.
Subjects were categorized as amyloid- and tau-positive or -negative
on the basis of established cutoffs from the Charles F. and Joanne
Knight Alzheimer Disease Research Center (15,16). Specifically, a
mean cortical SUV ratio (SUVR) of 1.19 for amyloid PET (16) and a
tauopathy SUVR of 1.22 for tau PET (15) were used to stratify
amyloid and tau positivity and screen subjects on the basis of prior
analyses. Subject selection and demographics, including cognitive
measures, are presented in Figure 1 and Table 1, respectively.

Image Sets Used for Analysis
18F-florbetapir PET was performed using an intravenous bolus of

274–418 MBq (7.4–11.3 mCi) on a Siemens Biograph mMR scanner.
Data were acquired at the time of injection through 70 min, and recon-
struction was performed with 26 frames (4 3 15 s, 4 3 30 s, 3 3 60 s,
3 3 120 s, 2 3 240 s, and 10 3 300 s). Data from 50 to 70 min after
injection were used for amyloid quantification (16). Amyloid SUVRs
were calculated in brain regions of interest (ROIs), using the entire
cerebellum as the reference ROI.

MRI and 18F-flortaucipir PET acquisition and preprocessing were
performed as previously reported (15). Tau PET was performed on a
Siemens Biograph 40 PET/CT scanner using an intravenous bolus of
266–400 MBq (7.2–10.8 mCi) of 18F-flortaucipir. Data from 80 to 100
min after injection were used for regional brain tau quantification (15).
Tau SUVRs were calculated in brain ROIs, using cerebellar gray mat-
ter as the reference ROI.

Calculation of Flow-Phase Parameters from Dynamic
Amyloid PET

Regional dynamic amyloid and static tau PET data were measured
using MRI-based FreeSurfer segmentation (17) with an algorithm
(biomarker localization, analysis, visualization, extraction, and regis-
tration) developed by our group (18). Calculation of efAP from
dynamic amyloid PET was performed in Matlab, version R2019b

(MathWorks). A set of time-averaged early-frame efAP intervals was
generated in Matlab to test a range of different start points (5%–50%
of peak cerebral cortex radioactivity) and endpoints of early-frame
intervals (45–600 s from the start of acquisition). In total, 79 target (T)
ROIs based on FreeSurfer segmentation were integrated over each
early-frame interval and subsequently normalized to the integrated
time–activity curve of the appropriate reference (R) ROI over the
same period. Since we used discrete integrals based on the radioactiv-
ity (A) and associated frame duration (D) over the selected set of early
frames, the equation could be simplified as follows:

efAPSUVR5

Xend

i5start
ðATiDTiÞXend

i5start
ðARiDRiÞ

Eq. 1

Tau Assessment in Tauopathy Summary Measure, Braak ROIs,
and In Vivo Braak Staging

A tauopathy summary measure was previously experimentally
derived using a sparse k-means clustering with resampling analysis to
identify the ROIs most informative in dividing a cognitively normal
population into high-tau and low-tau groups. The highest-weighted
FreeSurfer ROIs separating these groups were the entorhinal cortex,
amygdala, lateral occipital cortex, and inferior temporal cortex, and an
average SUVR in these 4 ROIs was used as a summary metric for
18F-flortaucipir uptake (15).

To replicate Braak neuropathologic staging, tau PET Braak ROIs
were created from volume-weighted FreeSurfer subregions as defined
by the algorithm our group developed (18). Braak ROIs refers to spe-
cific anatomic regions regardless of their tau status, whereas Braak
staging refers to the presence of pathologic tau in these ROIs based on
18F-flortaucipir PET. Similar to Sch€oll et al. 2016, tau PET Braak
staging was performed by first categorizing the following volume-
weighted, composite ROIs: transentorhinal (Braak stage I/II), limbic
(Braak stage III/IV), and isocortical (Braak stage V/VI) (19). To main-
tain consistency across thresholding techniques, the same 1.22 cutoff
(15) as was used to determine tau status was applied to the composite
Braak ROIs as follows: subjects positive (SUVR . 1.22) across all
3 ROIs (Braak ROIs I/II, III/IV, and V/VI) were assigned Braak stages
V and VI; subjects positive in Braak ROIs I/II and III/IV but negative
in V/VI were assigned Braak stages III and IV; subjects positive in
Braak ROI I/II but negative elsewhere were assigned Braak stages I
and II; and subjects negative across all 3 composite ROIs were
assigned Braak stage 0.

Calculation of Normalized Hippocampal Volume
Hippocampal volume was reported as the percentage of the cerebral

cortex to normalize across different participants, as calculated using
the following equation (20):

Volume of hippocampus
Volume of cerebral cortex

3 100% Eq. 2

Statistical Analyses
All statistical analyses were performed using SPSS Statistics, version

26.0 (IBM), and Matlab, version R2019b (MathWorks), to compare
efAP values with tau PET positivity. All parametric analyses between
Braak ROIs used the Pearson r correlation coefficient, whereas nonpara-
metric analyses across all Braak stages used the Spearman r and non-
parametric analyses between individual Braak stages used theWilcoxon
rank sum test. The significance level was a P value of less than 0.05 with
a Bonferroni adjustment for multiple comparisons.

Intersubject, univariate Pearson correlations were performed
between efAP and tau PET Braak ROIs I–VI across all 120 subjects,
separating subjects by amyloid status. Because only 1 subject was pos-
itive in tau PET Braak ROI VI (SUVR . 1.22), this ROI was

FIGURE 1. Flowchart for selection of 63 amyloid-positive and 57
amyloid-negative subjects for analysis in this study from retrospective
cohort of 410 subjects.
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excluded for optimization purposes. Additionally for optimization pur-
poses, and to align with our hypothesis, only the 63 amyloid-positive
subjects were used. Area under the curve (AUC) was used to test the
performance of the receiver-operating-characteristic (ROC) curve,
with efAP being used as the predictor variable and tau positivity
(SUVR . 1.22) in tau PET Braak ROIs I–V being used as the out-
come variable. The early-frame interval and target ROI corresponding
to the maximum AUC (mean6SD) was selected for the remainder of
the study. Similarly, the following 6 reference ROIs for the calculation
of efAP were compared for the ability to predict positive tau PET find-
ings: the entire cerebellum, the cerebral white matter, the region pre-
and postcentral gyri, the Braak VI tau ROI, the Braak V/VI composite
ROI, and the basal ganglia.

Logistic regression models were used to examine the accuracy of
efAP in distinguishing between tau-negative and tau-positive groups.
The performance of efAP was assessed using ROC curves to compare
sensitivity and specificity and to determine the optimal cutoff for efAP
and the best time interval. For parameter optimization for the dataset,
AUC was calculated and compared with a value of 0.5 (random agree-
ment) using the methods of Obuchowski et al. (21). Sensitivity, specif-
icity, positive predictive value (PPV), and negative predictive value
(NPV) were reported at the optimal cutoff based on the maximum
Youden index (22). To evaluate performance between biomarkers in
stratifying for tau positivity, ROC curves were compared using the
methods of DeLong et al. (23), with SE as calculated by SPSS. Addi-
tionally, standardized net benefit was used to measure the improve-
ment in efAP as an additional predictor over hippocampal volume,
with tau PET positivity set as the outcome variable (24,25).

RESULTS

The Hippocampus Is Selected as the Optimal Target ROI, and
the Cerebral White Matter Is Selected as the Optimal
Reference ROI
Our first objective was to determine which target ROI, reference

ROI, and time frames would optimize the predictive performance of
efAP. When evaluating efAP as the predictor variable for each of the
79 ROIs and tau positivity as the outcome variable, we found that efAP
in tau PET Braak ROI II (hippocampus) showed the strongest AUC
across Braak ROIs I–V when using a cerebral white matter reference
ROI (0.7960.082), peaking at 0.89 for tau PET using Braak ROI III
(Fig. 2; Supplemental Figs. 1 and 2; supplemental materials are avail-
able at http://jnm.snmjournals.org). Thus, the hippocampus was chosen
as the target ROI and the cerebral white matter was chosen as the
reference ROI for efAP calculations for the remainder of the study.

The Optimal Early-Phase Interval Starts at 5% of Cerebral
Cortex Peak Activity and Ends at 3 Minutes After Injection
Next, we determined which dynamic amyloid PET early time

interval was most closely associated with tau PET. Using ROC
analysis, we compared the AUCs when applying hippocampal
efAP as the predictor variable and tau PET positivity across tau
PET Braak ROIs I–V as the outcome variables (Supplemental Fig.
3). The endpoint of the early-phase interval was determined to be
ideal at 3 min after injection, when the AUC was highest
(0.796 0.0042). Selection of the endpoint showed only a 3.3%

TABLE 1
Cohort Demographics

Demographic Amyloid-positive Amyloid-negative

Total number of subjects 63 57

Tauopathy*

Positive 36 7

Negative 27 50

Age (y) 74.366 7.95 69.676 7.71

Sex

Male 25 24

Female 33 31

Formal education (y) 15.976 2.55 15.856 2.19

Apolipoprotein E-e4

Non-carrier of e4 alleles 24 44

e4/e* 27 10

e4/e4 7 1

Mini-Mental State Examination† (37) 28.106 2.83 (range, 18–30) 29.3861.01 (range, 25–30)

Clinical Dementia Rating (36)

0 (not demented) 40 53

0.5 (uncertain or very mild dementia) 14 2

1 (mild dementia) 4 0

Amyloid–tau scan interval (d) 63.17667.86 63.936 60.84

*Apolipoprotein E-e4 (ApoE4) carriers represented as number of e4 alleles where e4/e* stands for heterozygotes.
†Scores range from 30 (best) to 0 (worst).
Qualitative data are number; continuous data are mean6SD. Of subjects used in study, 5 amyloid-positive and 2 amyloid-negative

were missing demographic data and not included in table.
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decline from this peak AUC until 6 min after injection and a 8.5%
decline until 10 min after injection, emphasizing the relative sta-
bility of efAP measurement to varying time intervals. Although
altering the start point of the early-phase interval showed only
marginal variations in the AUC (,5%), setting a higher threshold
of peak cerebral cortex activity for selection of the first frame used
in efAP measurement marginally decreased the AUC at all points
(Supplemental Fig. 3). Thus, the early-phase interval starting at
5% of cerebral cortex peak activity and ending at 3 min after
injection was deemed optimal.

Hippocampal efAP Correlates with Tau PET Results in
Amyloid-Positive Participants
Next, we evaluated the relationships between hippocampal

efAP and tau PET. A visual example of the inverse correlation
between hippocampal efAP and tau PET for a cognitively normal
subject (tau PET Braak stage 0) and for late-stage disease (tau
PET Braak stages V and VI) is shown in Figure 3. Comparing hip-
pocampal efAP with the tauopathy summary measure showed a
significant Pearson correlation coefficient in amyloid-positive par-
ticipants (r5 –0.57, P, 0.0001). As expected, this relationship
was absent in amyloid-negative participants (Fig. 4). Significant

regional correlations (P, 0.001) were also
seen in amyloid-positive participants across
tau PET Braak ROIs I, II, III, IV, and V
(r5 –0.50, –0.43, –0.58, –0.66, and –0.48,
respectively; Supplemental Fig. 4). ROC
analysis revealed that hippocampal efAP
could be used to strongly predict tau positiv-
ity on tau PET in amyloid-positive partici-
pants at a global level using the tauopathy
summary measure (AUC, 0.86; efAP cutoff,
1.06; sensitivity, 71%; specificity, 93%;
PPV, 93%; and NPV, 72%; Fig. 5A).
Regional analyses in individual Braak ROIs
I, II, III, IV, and V also showed strong dis-
crimination of tau PET positivity (AUCs of
0.75, 0.67, 0.89, 0.84, and 0.80, respectively;
Supplemental Fig. 5).

Hippocampal efAP Shows Stronger Correlation with Tau
Status Than Does Hippocampal Volume
A reduction in hippocampal volume could reduce SUVs because

of partial-volume averaging. Therefore, we compared these 2 bio-
markers in amyloid-positive individuals to determine whether hip-
pocampal efAP conveyed additional information not provided by
hippocampal volume measurement alone. Characterizing subjects
by their tau PET Braak stage showed that both hippocampal efAP
and hippocampal volume significantly decreased with increasing
tau PET Braak stage (Fig. 6). Hippocampal efAP showed a stronger
inverse relationship with tau PET Braak stage (r5 –0.58,
P, 0.0001; Fig. 6A) than with hippocampal volume (r5 –0.37,
P5 0.0034; Fig. 6B). Wilcoxon rank sum testing between individ-
ual groups showed similar results, with the differences between
Braak stages I and II and Braak stages III and IV being the greatest
for both hippocampal efAP (1.116 0.07 vs. 1.006 0.07,

FIGURE 2. efAP Braak II ROI (hippocampus) and cerebral white matter chosen as target and
reference ROIs, respectively. AUC was used to test performance of ROC curve. AUC between first 5
tau PET Braak ROIs shown for efAP was used as predictor variable, and tau PET was used as out-
come variable. Different reference ROIs for calculation of efAP were compared with cerebral white
matter (A) and cerebellum (B), showing strongest AUC across efAP in Braak II ROIs, also known as
hippocampus. Color scale shows ranges of AUCs in tables, with blue being lowest, purple interme-
diate, and red highest.

FIGURE 3. Example of inverse relationship between hippocampal efAP
and tau PET Braak stage. Comparisons of representative subjects from
tau PET Braak stage 0 and Braak stages V and VI show appearance of
efAP at 2 ends of disease spectrum. First column highlights hippocampus
in pink on volumetric MRI, second column shows efAP values from
dynamic florbetapir PET, and third column shows tau PET. Intensity scales
for PET images are shown as SUVRs.

FIGURE 4. Comparison of hippocampal efAP and tau PET tauopathy
summary measure for amyloid-positive (r 5 –0.57, P , 0.0001) and
amyloid-negative (r 5 0.05, P 5 0.69) participants. efAP parallels and pre-
dicts tau PET pathology. Tau PET SUVR cutoff was used to stratify sub-
jects for tau positivity.
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P5 0.0002; Fig. 6A) and hippocampal volume (1.866 0.18 vs.
1.606 0.20, P5 0.0014; Fig. 6B). When looking at efAP and hip-
pocampal volume as individual predictors of tau PET, the discrimi-
natory ability to predict tau positivity was superior for hippocampal
efAP compared with hippocampal volume across the tauopathy
summary measure (AUC, 0.86 vs. 0.66; z523.08; P5 0.002)
with higher sensitivity (71% vs. 46%), specificity (93% vs. 89%),
PPV (93% vs. 84%), and NPV (72% vs. 57%) (Fig. 5A). Although
hippocampal efAP showed a trend toward higher predictive ability
than hippocampal volume for Braak stage III or greater, the results
did not reach statistical significance (AUC, 0.87 vs. 0.76; z5 1.54;
P5 0.12; Fig. 5B).
Similarly, when efAP and volume were grouped as copredictors

of tau positivity, efAP showed a significant, additive benefit to
simply using hippocampal volume alone to predict tau positivity
when utilizing tauopathy summary ROI (D standardized net

benefit, 0.3472; P5 0.0070) but not when
utilizing Braak stage III or greater positiv-
ity (D standardized net benefit, 0.0998;
P5 0.38).

DISCUSSION

Hippocampal efAP, a biomarker related
to flow during the early frames of dynamic
amyloid PET, correlates with tau PET in
amyloid-positive individuals. Hippocampal
efAP shows promise for predicting tau
pathology measured with 18F-flortaucipir
PET and—in predicting tau pathology—
provides significant, additive utility over
hippocampal volume alone. The use of
efAP could add specificity to the assessment
of AD with amyloid PET and allow a more
comprehensive neuroimaging examination.
Our cross-sectional retrospective analy-

sis demonstrated a strong, significant asso-
ciation between hippocampal efAP and tau
PET Braak stage (Fig. 6A). Our results
also showed that hippocampal efAP had
strong discriminatory performance in

assessing tau positivity at the optimal cutoff, based on the maxi-
mum Youden index (22), whether using either a validated tauop-
athy measure (15) or Braak staging. For instance, hippocampal
efAP had a high PPV (93%) and moderate NPV (72%) in
amyloid-positive individuals, compared with the tauopathy sum-
mary measure with 18F-flortaucipir PET. The SUVR threshold for
tau positivity (1.22) used in this study was based on the previously
conducted study at the Charles F. and Joanne Knight Alzheimer
Disease Research Center (15). This SUVR threshold may vary
with the population and PET study parameters but likely will fall
within a fairly narrow range based on studies by other groups,
which reported optimal cutoffs ranging from 1.23 to 1.27 (26–28).

Among the 79 target ROIs evaluated for efAP, the hippocampus
provided the strongest predictive power for tau positivity. Identifi-
cation of the hippocampus as the most accurate target ROI for
efAP was somewhat surprising, as the precuneus and posterior cin-
gulate gyrus show hypometabolism (29) and hypoperfusion (30)
early in the course of AD. Previous research has explored mainly
direct, one-to-one regional correlations between 18F-FDG PET
and tau PET (12,13,31) and between 18F-FDG PET and perfusion
(9–11,32), and it is recognized that spatial differences exist
between 18F-FDG and tau PET (31), such as in the hippocampus,
where hypometabolism does not correlate well with tau pathology
(12). Alternative methods for estimating perfusion from dynamic
amyloid PET exist, such as pharmacokinetic modeling (11,33). In
particular, Joseph-Mathurin et al. noted that pharmacokinetics-
derived R1 values from 11C-Pittsburgh compound B spatially cor-
related with 18F-FDG PET but that early-frame intervals did not
(33).
We found that the optimal early-frame time window started at

5% of peak cerebral cortex activity and ended at 180 s after injec-
tion. Importantly, efAP was found to be relatively stable up to 6
and 10 min, with small reductions in AUC. Our results were simi-
lar to another 18F-florbetapir study that evaluated the performance
of early-frame dynamic amyloid PET imaging compared with
18F-FDG PET, in which the 1- to 6-min time window provided the

FIGURE 5. Predictor variables: ROC curves for efAP and normalized hippocampal volume. Out-
come variables: tau PET positivity in tauopathy summary measure and Braak stage III or greater.
Hippocampal efAP has stronger discriminatory ability than hippocampal volume for predicting tau
PET positivity in amyloid-positive subjects. Tau positivity was defined as SUVR . 1.22. (A) AUC
measured for efAP cutoff of 1.06 was 0.86, with sensitivity and specificity of 71% and 93%, respec-
tively, and PPV and NPV of 93% and 72%, respectively; AUC measured for volume was 0.66, with
sensitivity and specificity of 46% and 89%, respectively, and PPV and NPV of 84% and 57%,
respectively. AUC difference was statistically significant (z53.08, P50.002). (B) AUC measured for
efAP cutoff of 1.05 was 0.87, with sensitivity and specificity of 86% and 81%, respectively, and PPV
and NPV of 69% and 92%, respectively; AUC measured for volume was 0.76, with sensitivity and
specificity of 67% and 88%, respectively, and PPV and NPV of 74% and 84%, respectively. This
AUC difference did not reach statistical significance (z51.54, P5 0.12).

FIGURE 6. Amyloid-positive participants stratified by tau PET Braak
stage and violin plots displayed for hippocampal efAP (A) and normalized
hippocampal volume (B). Tau PET Braak stage shows stronger associa-
tion with efAP than with volume within hippocampus. Spearman rank r

was used to test for association across all groups, and Wilcoxon rank sum
test was used to test for association between individual groups, with
P, 0.05 denoted as significant.
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best surrogate for perfusion based on 18F-FDG PET (32). Several
other studies that used 11C-Pittsburgh compound B instead of
18F-florbetapir showed similar results (6,10,11,34). One of these
studies, in particular, corroborated our results by finding that a
shorter interval, specifically 20–130 s after injection, best discrimi-
nated between AD patients and controls even though with
18F-FDG PET a longer interval correlated better (10). Our efAP
method focused on quantitative analysis rather than visual inter-
pretation, and it is possible that a longer interval would be more
suitable for visual analysis by reducing image noise.
Reduction in hippocampal volume, as measured by MRI, has

been robustly validated and remains one of the core biomarkers in
AD because of strong evidence supporting its diagnostic and
prognostic value (2,35). In our present study, decreases in both
hippocampal efAP and hippocampal volume were shown to be
inversely correlated with tau PET Braak staging. On the basis of
the tauopathy summary measure, hippocampal efAP was a better
predictor of tau positivity than was hippocampal volume measure-
ment alone, with additive benefit. A trend toward better perfor-
mance with hippocampal efAP than with hippocampal volume
(P5 0.12) was observed for Braak stage III or higher but did not
reach statistical significance. The relatively small number of par-
ticipants with elevated tau in Braak ROI III or higher (n5 21) pre-
vents a definitive conclusion regarding the additional value of
hippocampal efAP versus hippocampal volume for individual
Braak stages.
Our work has limitations that are important to address in future

work. Our study population included a large proportion of
amyloid-positive subjects who were cognitively normal or had
mild cognitive impairment. Our efAP results, including the opti-
mal brain ROI for efAP measurement, may be different in individ-
uals with more advanced AD. For the hippocampal efAP analysis,
we chose to focus on amyloid-positive subjects because 18F-flor-
taucipir is best suited for imaging the pathologic form of tau that
is deposited in AD. Our evaluation of the amyloid-negative sub-
jects was more limited because this group is potentially heteroge-
neous and is not expected to have many individuals positive for
tau based on 18F-flortaucipir PET. The PET tracer injection tech-
nique was not optimized for the early-frame measurement of
efAP. Although exclusion criteria did help by removing subjects if
the bolus perfusion phase was inadequate based on their time to
peak (.150 s), the time to peak for included subjects still varied
widely, from 45 to 150 s. Our findings suggest that efAP was not
highly sensitive to differences in the rate of bolus delivery, but
future studies would benefit from a more standardized injection
technique.

CONCLUSION

We have shown that efAP acquired concurrently with a standard
amyloid PET study is a strong predictor of tau pathology in
amyloid-positive individuals. Successful development of this
approach has the potential to provide information on both amyloid
and tau pathology in a single PET session, which may reduce
imaging costs and the burden on patients and their families.
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KEY POINTS

QUESTION: Do the first few frames after tracer injection on
dynamic amyloid PET predict tau pathology on tau PET in
amyloid-positive participants?

PERTINENT FINDINGS: This retrospective study showed that
decreased activity in the hippocampus as measured with efAP
predicts tau pathology on tau PET in amyloid-positive individuals.

IMPLICATIONS FOR PATIENT CARE: Our findings show that
efAP may facilitate prediction of tau status from an amyloid PET
study and provide a more comprehensive neuroimaging assess-
ment of cognitive impairment, with increased specificity for AD.
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Wederived threewidely used linearizations from the definition of recep-
tor availability in molecular imaging with positron emission tomography
(PET). The purpose of the present research was to determine the con-
vergence of the results of the 3 methods in terms of 3 parameters—
occupancy (s), distribution volume of the nondisplaceable reference
binding compartment (VND), and nondisplaceable reference binding
potential (BPND) of the radioligand—in the absence of a gold standard.
We tested 104 cases culled from the literature and calculated the good-
ness of fit of the least-squares and Deming II methods of linear regres-
sion when applied to the determination of s, VND, and BPND using the
goodness-of-fit parameters R2, coefficient of variation (root-mean-
square error [RMSE]), and the infinity norm (kXk1) with both regression
methods. We observed superior convergence among the values of s,
VND, and BPND for the inhibition and occupancy plots. The inhibition
plot emerged as the plot with a slightly higher degree of convergence
(based on R2, RMSE, and kXk1 value). With two regression methods
(the least-squares method [LSM] and the Deming II [DM] method), the
estimated values of s, VND, and BPND generally converged. The inhibi-
tion and occupancy plots yielded the best fits to the data, according to
the goodness-of-fit parameters, due primarily to absence of commin-
gling of the dependent and independent variables tested with the satu-
ration (original Lassen) plot. In the presence of noise, the inhibition and
occupancy plots yielded higher convergences.

KeyWords: PET; Lassen plots; inhibition plot; binding potential

J Nucl Med 2022; 63:294–301
DOI: 10.2967/jnumed.117.204453

PET is a major tool of biomedical research, with clinical applica-
tions that yield images of the distribution of systemically adminis-
tered positron-emitting radionuclides in tomographic sections of the
bodies of human subjects and experimental animals (1,2). Positrons
are positively charged anti-electrons emitted from the nuclei of
short-lived isotopes typically produced in a cyclotron. Users of this
technique image the high-energy (511 keV) annihilation photons that

result from the interaction of a positron with electrons in the tissue.
PET images are reconstructed by means of computed tomography of
the source of radioactivity, after injection of radiopharmaceuticals
according to the principles of nuclear medicine (3). The imaging of
neuroreceptors with radioactive ligands by PET applied to living
mammalian brains makes it possible to determine receptor density
and affinity by appropriate mathematic models (4).
Neuroreceptor studies of brain in vivo using PET require com-

parisons of so-called binding potentials of radiopharmaceutical
receptor ligands at more or less inhibited receptor states to obtain
estimates of receptor density and affinity (5). Naganawa et al. (6)
proposed methods that reduce bias and variability, and the best use
of these approaches is realized by improving the accuracy of data
covariance matrices.
The quantitative determination of binding potentials uses a fun-

damental equation of receptor availability to obtain separate esti-
mates of radioligand volumes of distribution of a specific
radioligand (5,7–10). Application of any one of the three lineariza-
tions presented here is the first step toward determining binding
potentials (or receptor availabilities), the foundation of the
receptor-binding analysis. For situations in which a proper refer-
ence region with no specific binding of the ligand is not known to
exist, or is known not to exist, three linearized versions of a recep-
tor availability equation were derived to estimate the magnitude of
the volume of distribution of nondisplaceable ligand (VND) by lin-
ear regression. The three different plots emerged when the equa-
tion of receptor availability was linearized differently by Lassen
et al., Gjedde and Wong, and Cunningham et al. (11–13). Here,
the three different plots are referred to as the Saturation, Inhibi-
tion, and Occupancy plots, to avoid the uncertain naming of the
plots associated with the presentation of the Occupancy plot solu-
tion (12), referred to by some authors as the Lassen plot rather
than the plot that Lassen et al. (11) actually used and reported.
The Occupancy and Saturation plots commingle the dependent
and independent variables by calculating the difference between
the volume estimates for baseline and inhibition states, unlike the
Inhibition plot, which simply plots the apparent total volume of
distribution of the radioligand (VT, also known as the partition
volume or partition coefficient of the ligand) at inhibition (VT(i),
ordinate) against the values at baseline (VT(b), abscissa).
The aim of the present research was to determine the accuracy

and precision of these three widely used linearizations of receptor
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availability (Saturation, Inhibition, and Occupancy plots) from
experimental data. We compared 104 cases culled from the litera-
ture, with the accuracy of each plot being evaluated by the least-
squares and Deming II methods of linear regression.

MATERIALS AND METHODS

The quantitative determination of binding potentials uses a funda-
mental equation of receptor availability to obtain separate estimates of
radioligand volumes of distributions for a specific radioligand
(5,7–10):

12s5
VTðiÞ2VND

VTðbÞ2VND
(1)

where Equation 1 is the formulation of the relative or fractional
receptor availability in terms of the relevant volumes of distribu-
tion. Here, s represents the occupancy and VT(i) is the apparent
total volume of distribution of the sum of the specifically bound
and the nonspecifically dissolved ligand molecules occupying the
receptor, whereas VND refers to the distribution volume of the
tracer in a nonbinding compartment, also known as the partition
volume or partition coefficient of the ligand. VT(b) refers to the
apparent total volume of distribution of the radioligand in a base-
line state where the receptor is not occupied by a specific
inhibitor.

Application of any one of the three linearizations presented here is
the first step toward determining binding potentials (or receptor avail-
abilities), the foundation of the receptor-binding analysis. The non-
displaceable reference binding potential (BPND) enters into the particu-
lar Eadie–Hofstee version of the linearized Michaelis–Menten equation
that yields both the maximum binding (Bmax) and the affinity constant
(Michaelis half-saturation quantity or mass), KD, of the receptors,

B5Bmax2KD BPND (2)

where B is the quantity of bound ligand. The binding potential is
defined as the ratio of the volumes of distribution of specifically
bound (displaceable) and non-specifically bound (non-displace-
able) ligand quantities (14,15). To determine the binding potential
of a radioligand, the volumes of distribution are entered into the
relationship that defines the binding potential (2,5,16):

BPND 5
VT2VND

VND
(3)

which is applicable both to the receptor binding baseline and to
multiple degrees of receptor blockade, provided the VND estimate
is unaffected by the blockade. To calculate binding potentials, it is
necessary to know the distribution of unbound ligand in a region
of no binding, but a suitable reference region often does not exist
or is not known to exist.

The three linearizations evaluated here served to determine a refer-
ence volume of distribution of radioligands when no reference region
(i.e., a region with absence of specific binding) is known to exist in
the brain. From the volumes of distribution of the radioligand in the
absence of displaceable binding (VND), we used the three different lin-
earizations to obtain binding potentials for radioligands used in pub-
lished studies.

Saturation Plot
As a novel steady-state approach to determining the binding poten-

tials of tracers with an unknown reference volume of distribution, in
1995, Lassen et al. (11) proposed to compare two levels of receptor
occupancy, one essentially at zero for the labeled tracer itself and the
other in the midrange of occupancy by addition of unlabeled ligand.
The concentration of the unlabeled ligand in brain water would be
zero in the tracer-alone study and would have a constant value in the
inhibition studies. To obtain the volume of nonspecific binding, Las-
sen et al. (11) linearized Equation 1 in the form of the plot we here
call the Saturation plot. The plot yields the estimate of VND by plotting
the baseline volume of distribution (VT(b)) as a function of the differ-
ence between the baseline and inhibition volumes of distribution
(DVT 5 VTðbÞ2 VTðiÞ) as shown in Figure 1A,

VTðbÞ5
1
s
DVT1 VND (4)

where the estimate of VND is the ordinate intercept of the linear
regression, and the estimate of the ratio 1/s is the slope of the
regression.

Inhibition Plot
Certain receptor ligands tend altogether to lack a reference brain

region of no specific binding, from which it is therefore not possible
to assess nonspecific binding for the purpose of calculating the binding
potential in regions of specific binding. Realizing that the uncertain
choice of a reference volume of distribution for the ligand can lead to
an erroneous estimation of the occupancy, in 2000, Gjedde and Wong
(12) proposed to linearize Equation 1 to obtain the form of the

FIGURE 1. Three linearization plots ([A] Saturation, [B] Inhibition, [C] Occupancy) of data from Horti et al. (17) (inhibition dose 0.5 mg).
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Inhibition plot. The plot estimates VND by relating VT(i) to VT(b) by
linear regression, as shown in Figure 1B,

VTðiÞ 5 12sð ÞVT bð Þ1s VND (5)

where the estimate of VND is the intercept of the linear regression
line with the line of identity.

Occupancy Plot
In 2010, Cunningham et al. (13) inverted the axes of the Saturation

plot and showed that the graphical analysis of the inverted relationship
at each of the different doses of unlabeled ligand provided a means to
determine drug occupancies. The inversion of the axes of the Satura-
tion plot was presented as the Occupancy plot, a term we adopt here
to avoid the lack of specificity of the term Lassen plot. The lineariza-
tion known as the Occupancy plot treats the differences in the volumes
of distribution between the baseline and challenge conditions, DVT, as
a function of the baseline volume of distribution, as shown in
Figure 1C,

DVT5 s VTðbÞ2 s VND (6)

where VND is the abscissa intercept. It is evident from the deriva-
tions that the Saturation and Occupancy plots have mutually
inverted axes.

Source of Published Data
To use any one of the three linearizations, at least two consecutive

PET recordings with two different levels of receptor occupancy are
required. For the Inhibition plot, unlike the Saturation and Occupancy
plots, the dependent (VT(i)) and independent (VT(b)) variables are not
commingled. The estimates of the fractional receptor availability
(1 2 s) and VND are then obtained directly from the volumes of distri-
bution. As the three linearizations are derived from the same original
relative receptor availability formulation (Eq. 1), they must all meet
the requirements that there are different brain regions with different
receptor densities (maximum binding) that remain unchanged in the
challenge condition and that the values of receptor affinity (Michaelis
half-saturation concentration) and VND are the same for all relevant
regions and remain the same for all challenges.

To assess the advantages and disadvantages of each of the three lin-
earizations, the following names were searched in the PubMed and
Scopus databases: “Lassen plot,” “Saturation plot,” “Gjedde plot,”
“Inhibition plot,” “Cunningham plot,” and “Occupancy plot.” In the
initial search, 60 published reports were found. The original datasets
were not available for 36 of the identified studies.

Linear Regressions of Published Data
We analyzed the 24 remaining published reports, which consisted of

104 sets of data. In 7 cases, the authors submitted data (8,17–22), and for
the remaining 17 reports, we extracted the data from published graphs
with GetData Graph Digitizer digitization software (11,13,23–37). The
characterization of the data in terms of species, sex, age, drug, dose, and
other identifiers is presented in Table 1. We used two linear regression
methods, LSM and DM, to obtain parameter estimates, as implemented
in MATLAB (MathWorks). Using slope and intercept estimates, we
determined s and VND and evaluated the accuracy.

LSM is a standard approach in regression analysis, with its most
important application being in data fitting. The best fit of LSM mini-
mizes the sum of squared residuals, which are the differences between
an observed value and the value fitted by the model. In LSM, 2 varia-
bles (x,y) are obtained by regression of y on x, where x is assumed to
represent independent-variable values obtained without error (38). DM
regression is an errors-in-variables model that yields the line of best fit
for a 2-dimensional dataset. It differs from LSM by the assumption of

errors in both independent and dependent variables that allow for any
number of predictors and a more complicated error structure. In
DM, observations are subject to additive random variations of both x
and y (39,40).

To test the goodness of fit of the linear regressions, we calculated
the coefficient of determination (R2), coefficient of variation (root-
mean-square error [RMSE]), and infinity norm (kXk1). The R2 esti-
mate is a commonly used indicator of the goodness of fit that is appli-
cable only to LSM, as in other applications it may result in negative
values or values greater than unity. In contrast, RMSE is applicable to
all linear regressions. For n sets of (xi; yi) data, the RMSE, R2, and
kXk1 measures can be expressed according to Rawlings et al. (38):

R2 5 12
SSres
SStot

(7)

RMSE5
ffiffiffiffiffiffiffiffiffiffiffiffi
SSres=n

q
(8)

where n is the number of observations, and

kXk1 5maxðfi2yiÞ (9)

where fi is the predicted value of y at xi, SStot is the total sum of
squares or the variance of the data,

SStot 5
Xn
i5 1

ðyi2!yÞ2 (10)

SSres is sum of squares of residuals,

SSres 5
Xn
i5 1

ðfi2yiÞ2 (11)

and !y is the mean of yi,

!y5
1
n

Xn
i51

yi (12)

The closer the value of R2 is to unity, the better the fit is to the lin-
earization. The closer the RMSE and kXk1 values are to zero, the
better the fit of the linearization is held to be (38,41).

Calculation and Evaluation of Binding Potentials
We compared binding potential estimates (BPND) for the baseline

(base BPND) and inhibition (challenge BPND) conditions according to
Equation 3. In total, we compared 104 times 12, or 1,248, sets of
BPND estimates according, first, to the equation for the percentage dif-
ferences in the LSM and DM results for each of the 3 linearizations,
exemplified here for the inhibition plot as

DDðinhibÞ 5 100
BPðLSMÞ2BPðDMÞ

BP LSMð Þ1BP DMð Þ
# "

=2
(13)

and, second, according to the equation for the percentage differ-
ences in the three linearizations of each of the two regression
methods, exemplified here for the comparison of LSM and DM
results for the Inhibition and Occupancy plots,

DDðLSMÞ 5 100
BPðinhibÞ2BPðoccupÞ

BP inhibð Þ1BP occupð Þ
# "

=2
(14)

and

DDðDMÞ 5 100
BPðinhibÞ2BPðoccupÞ

BP inhibð Þ1BP occupð Þ
# "

=2
(15)
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Goodness of Fit
We considered sets of data (VT(b), VT(i)) directly measured in rele-

vant studies. Because of sources of error, which include surgery, envi-
ronment, and device errors, we predicted differences to exist between
the theoretic but unknown value of a parameter and the measured value
(42). We expressed the theoretic value of a parameter as (VT(b), VT(i)),

V'
T ið Þ 5VTðiÞ2e1 (16)

and

V'
T bð Þ 5VTðbÞ2e2 (17)

where e1 and e2 are the differences between real and measured
values of VT(b) and VT(i), respectively. We expressed the real value
of the differences between baseline and inhibition volumes of dis-
tribution as DV'

T,

DV'
T5V'

T ið Þ2V'
T bð Þ,

which after substitution yielded,

DV'
T5 VT ið Þ2e1

# "
2ðVTðbÞ2e2Þ

or

DV'
T5 VT ið Þ2VT bð Þ

# "
2ðe12e2Þ,

which yielded,

DV'
T5 VT ið Þ2VT bð Þ

# "
2ðe3Þ (18)

where e3 refers to the difference between the real and measured
values of DVT.

Source of Convergence
In this research, we defined the closeness of the fitted model to the

data as convergence. For the set of (xi; yi), regardless of method, the
linearization has the form,

y 5 ax1b (19)

with the real values in the equation expressed as,

y 5 a'x1b' (20)

where (a,b) are the estimated values of slope and ordinate intercept
and (a*,b*) are the real values of slope and ordinate intercept. As
discussed, the measurement error of (xi; yi) yields a difference
between real and estimated values of slope and ordinate

intercept as

a' 5 a2e'1 (21)

and

b' 5 b2e'2 (22)

where e'1 is the error between real and estimated values of slope
and ordinate intercept. By substituting Equations 20 and 21 in the
3 original equations (Eqs. 4–6), we calculated the differences
between real and estimated values of s and VND. Here, occupancy
and VND are the estimated values, and s* and VND* are the real
(unknown) values. The differences between the real and estimated
values of s and VND are listed in Table 2.

RESULTS

Digitization Accuracy
We compared the linearizations of data obtained from the

authors directly or by digitization of published graphs. With the
submitted data available for comparison, we showed the mean
error of digitization to be less than 0.85%, confirming the accuracy
of the digitization. Here, we present the results from the analysis
of the digitized values of VT(b) and DVT from the report of Horti
et al. (17), used to obtain the VT(i) values for the 0.5-mg receptor
inhibitor challenge. With the Inhibition, Saturation, and Occu-
pancy linearizations for the LSM and DM regressions, we
obtained the parameter values from the linear regressions of the
data presented in Figure 1, with the resulting regressions and esti-
mates of s and VND being presented in Figure 2. For the Saturation
plot, we used DVT as the independent variable (x) and VT(b) as the
dependent variable (y), whereas for the Occupancy plot, we used

TABLE 2
Differences Between Real and Estimated Values of s and

VND of Inhibition, Occupancy, and Saturation Plots

Method s VND

Inhibition s'1e1
s'V'

ND2e1
s'1e1

Occupancy s'2e1
s'V'

ND2e1
s'2e1

Saturation s'
12s'2e1

V'
ND2e2

FIGURE 2. Average values of measures of goodness of fit of the Inhibition, Saturation, and Occupancy plots.
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DVT as the dependent variable (y) and
VT(b) as the independent variable (x).

Plot Analysis
Using the linearization goodness-of-fit

parameters R2, RMSE, and kXk1, the
comparisons yielded the results listed in
Table 3 and Figure 2. The mean value of
R2 (for the 104 samples) for the Inhibition
plot was slightly closer to unity, identify-
ing the Inhibition plot as the plot with
slightly greater fit to the experimental data.
In addition, the mean values of RMSE and
kXk1 for the Inhibition plot were closest
to zero, again as the most accurate of the
three plots. In 87 of the 104 cases, the Inhi-
bition plot yielded the lowest RMSE and
kXk1 values, implying that the inhibition
plot had superior accuracy in the 87 cases.
The effects of the regression method

(LSM or DM) on the estimated values of s,
VND, and BPND are shown in Figure 3.
The estimates of s, VND, and BPND for the
two regression methods (LSM and DM)
generally converged. The average devia-
tion was less than 0.1% for s and VND and
was less than 3% for BPND. We also com-
pared the effects of choice of method on
the estimated values of s, VND, and BPND.
The deviations of s, VND, and BPND for
the three plots (Inhibition, Saturation, and
Occupancy) are shown in Figure 3. From
the figure, we conclude that the results of
the Inhibition and Occupancy plots nor-
mally converged for both LSM and DM.
The average difference of the inhibition
and occupancy plot results was less than
2%. In contrast, we generally found con-
siderable differences between the results of
the Saturation plot and the results of the
Inhibition and Occupancy plots. The aver-
age difference shown in Figure 3 is close
to 40%. Bland–Altman graphs for the
binding potentials determined with 0.5-mg
receptor inhibitor blockade by Horti et al.

(17) are shown in Supplemental Figure 1 (supplemental materials
are available at http://jnm.snmjournals.org).

Analysis of Noise Simulation
To investigate the effect of noise on the convergence of the

results of different plots, two sets of theoretic data (data without
noise) were created on the basis of the Horti et al. (17) data at two
levels of inhibition (0.5- and 5-mg inhibitor administration). We
considered five sets of data and calculated the values of s and of
VND using the three plots and two different linearizations (data
without noise; data with noise of K 5 0.1, K 5 0.2, K 5 0.5,
where K is the chosen SD). The results of the linearizations are
listed in Supplemental Table 1 and Supplemental Figure 2. As
shown in Supplemental Figure 3, for the data without noise, all

TABLE 3
Average Precision of Regressions of Inhibition, Occupancy,

and Saturation Plots

Plot Method R2 RMSE kXk1

Inhibition LSM 0:7560:25 0:3660:46 0:6960:84

DM 0:7560:25 0:2660:33 0:6960:84

Saturation LSM 0:7360:29 0:7761:29 1:4062:01

DM 0:7360:29 0:5560:91 1:4062:01

Occupancy LSM 0:7360:29 0:3660:46 0:6960:84

DM 0:7360:29 0:2660:33 0:6960:84

FIGURE 3. Differences of s, VND, and BPND among Inhibition, Saturation, and Occupancy plots. (A)
s and VND LSM vs. Deming II. (B) BPND LSM vs. Deming II. (C) VND LSM and Deming II in different
plots. (D) BPND Base LSM and Deming II in different plots. (E) s LSM and Deming II in different plots.
(F) BPND Challenge LSM and Deming II in different plots.
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three plots and two linearizations yield identical results. For the
convergence of the three plots, it is evident that the RMSE of the
data without noise for all three plots is approximately zero (1029).
However, as is shown in Supplemental Figure 4, in the presence
of noise, the inhibition and occupancy plots yielded a lower
RMSE, consistent with greater convergence.

DISCUSSION

In the present examination of the plots of competition, we line-
arized the formulation of the fractional receptor availability
(Eq. 1) into three equations underlying the different regressions,
which we refer to as the Saturation, Inhibition, and Occupancy
plots. The purpose of all three linearizations is to estimate the ref-
erence volume of distribution, VND, required to calculate the bind-
ing potential of a radioligand. We undertook the comparisons
because the extent to which the results of the three plots converge
or diverge is unknown. We culled 104 cases on the basis of one or
more of the plots, and we tested the results of the three plots line-
arized by LSM and DM regressions.
As shown in Table 3, for both s and VND, the differences

between estimated and real values are of the same order of magni-
tude for the Inhibition and Occupancy plots but are much greater
for the Saturation plot. For this reason, the average deviation of the
calculated values of s and VND for the Inhibition and Occupancy
plots was less than 0.1%, and the results generally converged. In
contrast, there was more than a 35% difference between the results
of the Saturation plots and the results of the Inhibition and Occu-
pancy plots. In Equations 16–18, e1, e2, and e3 are the error values
resulting from the divergence of individual plots. The parameter e3
may be smaller than e1 and e2 but frequently is not. As e1 and e2 do
not adopt exclusively positive or negative values, errors can be
superimposed. For this reason, the use of DVT differences may
result in higher levels of error and reductions of goodness of fit.
Among the three methods, the Inhibition plot avoided the use of
the commingled variable DVT. As expressed by the three indicators
R2, RMSE, and kXk1, the Inhibition plot was shown to yield
slightly greater fit for both LSM and DM. The noise analysis
showed that the Inhibition and Occupancy plots yielded higher con-
vergence in the presence of noise.

CONCLUSION

On the basis of all three goodness-of-fit parameters (R2, RMSE,
and kXk1), and using both regression methods (LSM and DM),
the Inhibition and Occupancy plots emerged as the plots with a
superior degree of convergence. We judge this to be in part
because of the absence of commingling of the original dependent
and independent variables of the Saturation (original Lassen) plot.
Concerning the effect of regression method (LSM and DM) on the
estimated values of s, VND, and BPND, we observed that the aver-
age differences in the results of the Inhibition and Occupancy plot
linearizations were less than 0.1% and, as such, negligible. In con-
trast, we noted more than a 35% difference in the results of the
Saturation plot comparisons—a difference that we explain by the
violation of the negligible variability rule for independent varia-
bles. The noise analysis showed that the three plots resulted in the
same parameter estimates in the absence of noise. However, in the
presence of noise, the Inhibition and Occupancy plots yielded
higher and close degrees of convergence.
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KEY POINTS

QUESTION: Which of the three linearizations (Inhibition, Satura-
tion, and Occupancy) had superior convergence with the experi-
mental results?

PERTINENT FINDINGS: Superior convergences among the val-
ues of s, VND, and BPND were observed for the Inhibition and
Occupancy plots. On the basis of the goodness-of-fit parameters
(R2, RMSE, and kXk1) and with both regression methods (LSM
and DM), the Inhibition plot emerged as the plot with the slightly
higher degree of convergence.

IMPLICATIONS FOR PATIENT CARE: The correct use of the
Occupancy and Inhibition plots allows brain-imaging specialists to
advise on the optimal dose of target engagement of neuroreceptor
inhibitor drugs chosen to block the pathologic excess of
neurotransmission.
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11C-PiB and 124I-Antibody PET Provide Differing Estimates
of Brain Amyloid-b After Therapeutic Intervention
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PET imaging of amyloid-b (Ab) has become an important component
of Alzheimer disease diagnosis. 11C-Pittsburgh compound B (11C-
PiB) and analogs bind to fibrillar Ab. However, levels of nonfibrillar,
soluble, aggregates of Ab appear more dynamic during disease pro-
gression and more affected by Ab-reducing treatments. The aim of
this study was to compare an antibody-based PET ligand targeting
nonfibrillar Ab with 11C-PiB after b-secretase (BACE-1) inhibition in 2
Alzheimer disease mouse models at an advanced stage of Ab pathol-
ogy.Methods: Transgenic ArcSwemice (16 mo old) were treated with
the BACE-1 inhibitor NB-360 for 2 mo, whereas another group was
kept as controls. A third group was analyzed at the age of 16 mo as a
baseline. Mice were PET-scanned with 11C-PiB to measure Ab
plaque load followed by a scan with the bispecific radioligand
124I-RmAb158-scFv8D3 to investigate nonfibrillar aggregates of Ab.
The same study design was then applied to another mouse model,
AppNL-G-F. In this case, NB-360 treatment was initiated at the age of
8 mo and animals were scanned with 11C-PiB-PET and 125I-RmAb158-
scFv8D3 SPECT. Brain tissue was isolated after scanning, and Ab lev-
els were assessed. Results: 124I-RmAb158-scFv8D3 concentrations
measured with PET in hippocampus and thalamus of NB-360–treated
ArcSwe mice were similar to those observed in baseline animals and
significantly lower than concentrations observed in same-age
untreated controls. Reduced 125I-RmAb158-scFv8D3 retention
was also observed with SPECT in hippocampus, cortex, and cer-
ebellum of NB-360–treated AppNL-G-F mice. Radioligand in vivo
concentrations corresponded to postmortem brain tissue analy-
sis of soluble Ab aggregates. For both models, mice treated
with NB-360 did not display a reduced 11C-PiB signal compared
with untreated controls, and further, both NB-360 and control
mice tended, although not reaching significance, to show
higher 11C-PiB signal than the baseline groups. Conclusion: This
study demonstrated the ability of an antibody-based radioligand
to detect changes in brain Ab levels after anti-Ab therapy in
ArcSwe and AppNL-G-F mice with pronounced Ab pathology. In
contrast, the decreased Ab levels could not be quantified
with 11C-PiB PET, suggesting that these ligands detect different
pools of Ab.

Key Words: Alzheimer disease; BACE-1 inhibition; amyloid-b;
11C-PiB; antibody-based PET
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Alzheimer disease (AD) is a growing socioeconomic burden
on society and health care in most countries that are characterized
by an aging population (1). Despite intense research over the last
few decades, no treatment is available that halts the underlying
disease mechanisms and stops the pathologic changes in the AD
brain. Accumulation of amyloid-b (Ab) plaques is the core feature
of the histopathologic diagnosis of AD and can be visualized and
quantified by molecular imaging. PET is today a valuable tool for
assessment of brain amyloidosis in vivo. Amyloid imaging with
PET has also become a regularly used inclusion criterion for enrol-
ment of patients in clinical trials. New treatments, aiming to clear
Ab from the brain parenchyma or to reduce Ab production and
aggregation, are dependent on diagnostic tools to follow changes
in brain Ab levels in vivo.
PET ligands such as 11C-Pittsburgh compound B (11C-PiB) and

several later-developed analogs bind to fibrillar Ab, that is, the
form of Ab found in insoluble amyloid plaques. However, Ab
aggregation starts years before any clinical symptoms emerge, and
it appears that the PET signal with amyloid radioligands such as
11C-PiB becomes saturated rather early during disease progression
(2,3). In contrast, nonfibrillar Ab oligomers and protofibrils have
been reported to display a more dynamic profile during the course
of the clinical stages of the disease and may therefore be better
biomarkers for disease severity than amyloid plaques (3,4). Treat-
ments aimed at reducing brain Ab, such as b-secretase (BACE-1)
inhibitors, or to facilitate Ab clearance, for example, immunother-
apy, are likely to reduce nonfibrillar Ab before amyloid plaques
(5,6). Furthermore, diffuse Ab plaque pathology cannot be
detected by these radioligands, which bind to the ordered b-sheet
structures of amyloid plaques (7).
A potential strategy to image nonfibrillar Ab aggregates, rather

than plaques, and thus a way to circumvent the limitations of
11C-PiB and other amyloid radioligands could be to use an
antibody-based PET approach. Antibodies are characterized by
high and specific binding to their target and can be generated to
show selective affinity for a specific aggregation form of Ab, for
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example, Ab protofibrils (8). However, antibodies display very
limited passage across the blood–brain barrier and are therefore
not directly suitable as radioligands that require fast and efficient
brain entry. We have recently introduced several bispecific radioli-
gands based on Ab-binding antibodies functionalized with a trans-
ferrin receptor binding component to enable active transport
across the blood–brain barrier (9–13).
RmAb158-scFv8D3 (14) is based on the Ab protofibril selective

antibody mAb158 (8,15), the murine version of lecanemab (16)
that is currently being evaluated as an anti-Ab treatment in clinical
phase III trials, and 2 single-chain fragments (scFvs) of the
transferrin receptor antibody 8D3 (17) to enhance brain uptake. A
previous study showed that PET with 124I labeled RmAb158-
scFv8D3 could be used to successfully follow Ab accumulation in
mice 7–16 mo of age harboring the Arctic (Ab precursor protein
[APP] E693G) and the Swedish (APP KM670/671NL) APP muta-
tions (ArcSwe) (18). Further, 124I-RmAb158-scFv8D3 also
enabled monitoring of Ab brain levels after Ab-reducing treat-
ment with BACE-1 inhibitor NB-360 (6,19) in a cross-sectional
study design in ArcSwe mice 10 mo old, that is, an age associated
with limited Ab accumulation. However, in the clinical situation,
it is likely that most AD cases remain undetected until clinical
symptoms such as memory impairment appear. Consequently, a
disease-modifying treatment will realistically be applied at a dis-
ease stage associated with advanced brain Ab accumulation. Thus,
diagnostic and dynamic biomarkers reflecting pathologic changes
covering also the middle to late disease stage are required.
The aim of this study was to compare the ability of the clini-

cally established radioligand 11C-PiB and the novel protofibril
selective radioligand 124I-RmAb158-scFv158 to detect and quan-
tify effects of anti-Ab intervention using the BACE-1 inhibitor
NB-360 as a model drug. The study was performed on 2 different
models: the first was the ArcSwe mouse model that shows 11C-
PiB positivity between the ages of 12 and 18 mo (9,20), and the
second was the AppNL-G-F knock-in mouse model harboring the
Arctic, Swedish, and Iberian (APP I716F) mutations that is charac-
terized by diffuse Ab pathology that is not readily detected by
amyloid imaging with PET (21). By inclusion of old mice charac-
terized by abundant brain Ab pathology, the study was designed
to resemble the disease stage when patients are likely to be diag-
nosed and potentially enrolled into clinical trials of novel drug
candidates.

MATERIALS AND METHODS

Animals and Treatment
All experiments were performed according to the rules and regula-

tions of the Swedish Animal Welfare Agency, which have been in line
with the European Communities Council Directive since September
22, 2010. The experiments were approved by the Uppsala University
Animal Ethics board (5.8.18-13350/2017). ArcSwe mice (22) 16 mo
old were administered BACE-1 inhibitor NB-360 (Novartis) (6) nutri-
tion pellets (0.5 g of NB-360/kg of pellets) for 2 mo. AppNL-G-F mice
(23), with an earlier onset of Ab deposition, were treated between the
ages of 8 and 10 mo. NB-360–treated groups were compared with
age-matched groups that received only vehicle food, and further, with
baseline groups reflecting pathology levels at the beginning of the
treatment. In total, 44 ArcSwe mice (baseline, n5 15; NB-360,
n5 15; control, n5 14) and 17 AppNL-G-F mice (baseline, n5 5;
NB-360, n5 6; control, n5 6) were included in the study. Two wild-
type mice 8 mo old, that is, age-matched to the AppNL-G-F baseline
mice, were also included as a comparison (study design is shown in

Supplemental Fig. 1 and animal information in Supplemental Table 1;
supplemental materials are available at http://jnm.snmjournals.org).
In addition to the mice that underwent in vivo imaging, a separate
group of mice, ArcSwe (n5 2; 18 mo old) and AppNL-G-F (n5 2; 10
mo old) were used for ex vivo autoradiography. Mice had free access
to food and water during the study.

Radiochemistry
11C-PiB was synthesized using a previously described method

with slight modifications related to automation using an in-house–built
synthesis device (Tracer Production System) (24). The final product
was reformulated using solid-phase extraction in approximately 10%
ethanol in phosphate-buffered saline. 11C-PiB was produced with a
radioactivity yield of 2.16 1.0 GBq (range, 0.7–4.3 GBq), a molar
activity of 336 38MBq/nmol, and a radiochemical purity of more
than 99% at the end of the synthesis.

Antibody Labeling
RmAb158-scFv8D3 was labeled using direct radioiodination (25)

as previously described (18). 124I (PerkinElmer Inc.) labeling was
done in 8 batches; 80 mg of RmAb158-scFv8D3 were labeled with
101.96 16.6 MBq, resulting in an average yield of about
75.7%6 2.5%. A similar procedure was used for 125I labeling of
RmAb158-scFv8D3 (26); 80 mg of RmAb158-scFv8D3 were labeled
with 38.26 4.3 MBq of 125I, resulting in an average yield of
71.7%6 3.6%.

PET/SPECT Imaging
All mice underwent an 11C-PiB PET scan. ArcSwe mice were

injected with 13.26 3.6 MBq of 11C-PiB with a molar activity of
19.06 9.3 MBq/nmol. AppNL-G-F mice were injected with a 20.16 6.6
MBq/nmol concentration of 11C-PiB with a molar activity of 6.76 1.6
MBq/nmol. Animals were either injected at the start of the PET scan
and scanned for 1 h or injected 30 min before the PET scan and kept
under anesthesia until the start of a 30-min scan. For all animals,
11C-PiB brain retention was analyzed using data acquired 40–60 min
after injection.

Within a week after their 11C-PiB PET scan, ArcSwe animals were
PET-scanned with 124I-RmAb158-scFv8D3 and AppNL-G-F mice were
SPECT-scanned with 125I-RmAb158-scFv8D3. One day before injec-
tion with radiolabeled RmAb158-scFv8D3, mice were given drinking
water containing 0.5% NaI to reduce thyroidal uptake of 124I and 125I.
After injection, the concentration was decreased to 0.2% NaI until the
PET or SPECT scan. ArcSwe and AppNL-G-F mice were injected with
11.66 2.7 MBq of 124I-RmAb158-scFv8D3 and 7.26 1.1 MBq of
125I-RmAb158-scFv8D3, respectively, and scanned 4 d after injection.
The molar activities were 185.46 28.7 MBq/nmol and 144.56 8.8
MBq/nmol for the 124I- and the 125I-labeled radioligands, respectively.
After PET/SPECT scanning, mice underwent transcardial perfusion
with 40 mL of 0.9% NaCl for 2.5 min. The brain was then isolated
and divided into right and left hemispheres, and the cerebellum was
removed from the left hemisphere. Radioactivity was measured in the
3 brain samples (right hemisphere, left hemisphere without cerebel-
lum, and cerebellum from the left hemisphere) with a Wizard 2470
g-counter (GE Healthcare). All samples were frozen on dry ice and
stored at 280!C until further processing.

PET scans were performed on either a Triumph Trimodality System
(TriFoil Imaging, Inc.) or a nanoScan system PET/MRI (Mediso). All
PET scans performed with the Mediso system were reconstructed with
a Tera-Tomo 3-dimensional algorithm (Mediso) with 4 iterations and
6 subsets. Data obtained with the Triumph system were reconstructed
using 3-dimensional ordered-subsets expectation maximization with
20 iterations. SPECT scans were performed with a nanoScan SPECT/
CT system (Mediso) with 4 detectors at a frame time of 80 s. Images
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were reconstructed with a Tera-Tomo 3-dimensional algorithm (Med-
iso) with 48 iterations and 3 subsets. Each mouse was CT-examined
after the PET/SPECT scan.

All subsequent processing of the images was performed with
Amide, version 1.0.4 (27). CT and PET scans were manually aligned
with a T2-weighted mouse brain atlas (28) to quantify activity in
regions of interest (Supplemental Fig. 2).

Immunostaining and Autoradiography
Right brain hemispheres of PET- or SPECT-scanned animals were

cryosectioned (20 mm) for anti-Ab1-42 chromogen staining as described
previously (18) using the primary polyclonal rabbit-anti-Ab1-42 anti-
body (Agrisera). Triple immunofluorescence staining of Ab, ionized cal-
cium binding adaptor molecule 1, and glial fibrillary acidic protein and
autoradiography were performed as previously described (18). Images
were processed as described by Gustavsson et al. (26).

Brain Sample Preparation
Brain tissue was sequentially extracted as previously described (29)

according to Table 1, using a Precellys Evolution system (Bertin
Corp.) (4 3 10 s at 5,500 rpm).

Biochemical Quantifications of Brain Tissue
Brain extraction samples (Table 1) were quantified with enzyme-

linked immunosorbent assay (ELISA) as previously described (20,30).
Assay details are displayed in Table 2.

11C-PiB Nuclear Track Emulsion (NTE) and Autoradiography
A separate group of mice was injected with 18–20 MBq of 11C-PiB

and then underwent transcardial perfusion at 20 or 40 min after injec-
tion. The brain was immediately removed and divided into right and
left hemispheres. Brain samples were frozen on dry ice and processed
into 20-mm sagittal sections for NTE and 40-mm sections for ex vivo
autoradiography. Before NTE, sections were stained for 2 min with
saturated thioflavin-S in 80% ethanol, washed 1 min in 70% ethanol,

TABLE 1
Extractions Performed on Brain Tissue for ELISA Analysis

Step Material Extraction Medium Centrifugation

1 Fresh-frozen brain tissue 1:5 weight:volume ratio of tissue TBS 1 h, 16,000g

2 Pellet TBS extraction (step 1) 1:5 weight:volume ratio of tissue 70% formic acid 1 h, 16,000g

3 TBS extract (step 1) 200 mL of TBS extract (step 1) TBS 1 h, 100,000g

TABLE 2
Antibodies and Extraction Fractions Used in ELISA Analysis

Target
Extraction
sample

Primary
antibody

Secondary
antibody Distributor

Nonfibrillar Ab aggregates TBS, 16,000g mAb3D6 mAb3D6-bio In-house expression

Small sized, nonfibrillar Ab aggregates TBS, 100,000g mAb3D6 mAb3D6-bio In-house expression

Fibrillar Ab1-40 FA, 16,000g Anti-Ab40 mAb3D6-bio Agrisera/in-house expression

Fibrillar Ab1-42 FA, 16,000g Anti-Ab42 mAb3D6-bio Invitrogen/in-house expression

sTREM2 TBS, 16,000g AF1729 BAF1729 R&D Systems

FA 5 formic acid.

FIGURE 1. PET images and quantification of 11C-PiB scans (40–60 min
after injection) and 124I-RmAb158-scFv8D3 scans (72 h after injection)
expressed as SUV. (A) Comparison of representative 124I-RmAb158-
scFv8D3 and 11C-PiB PET images in ArcSwe animals. (B) Quantification
of 124I-RmAb158-scFv8D3 and 11C-PiB in hippocampus (Hpc), cortex
(Ctx), thalamus (Thl), and cerebellum (Cer). (C) Comparison of representa-
tive SPECT and PET images of 125I-RmAb158-scFv8D3 and 11C-PiB in
AppNL-G-F and wild-type animals. (D) Retention of 125I-RmAb158-scFv8D3
and 11C-PiB in different brain regions of AppNL-G-F and wild-type animals.
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and rinsed with phosphate-buffered saline. NTE was performed as pre-
viously described (29). Exposure of the slides was started 30 min after
perfusion (i.e., equal to 1.5 decay half-lives of 11C). The signal was
developed after 2 h. Images were acquired with an LSM700 confocal
laser scanning microscope (Zeiss) and processed with Zen Zeiss soft-
ware. Images were compiled with Adobe Photoshop 2020. Brain sec-
tions from the same animals were also exposed to a phosphor imaging
plate (Fujifilm) within 20 min after perfusion. Plates were exposed for
80 min and read with an Amersham Typhoon imager (GE Healthcare).

Statistics
Data were analyzed and plotted with GraphPad Prism, version 6.

Groups were compared with 1-way ANOVA using the Bonferroni
post hoc test. Results are reported as mean6SD.

RESULTS

ArcSwe and AppNL-G-F mice, treated with BACE-1 inhibitor
NB-360 or with vehicle, were PET-scanned with 11C-PiB followed
by a 124I-RmAb158-scFv8D3 PET scan or a 125I-RmAb158-
scFv8D3 SPECT scan. On the basis of visual interpretation of
PET images, 11C-PiB retention in ArcSwe animals seemed slightly
increased in the NB-360 and vehicle groups compared with the

2-mo-younger baseline group (Fig. 1A).
When retention was quantified as SUV, a
similar trend was observed in hippocam-
pus, cortex, thalamus, and cerebellum, but
the difference was not significant and
interanimal variation was large (Fig. 1B).
11C-PiB retention in AppNL-G-F mice was
alike in all 3 groups (Fig. 1C). When
retention was quantified as SUV, interindi-
vidual variation was high and differences
between the 3 groups and the wild-type
group were not significant (Fig. 1D). In
summary, neither of the mouse models
showed a significant difference in 11C-PiB
signal between the different groups,
despite a trend toward an increased signal
in older mice, that is, after the 2-mo treat-
ment period (both vehicle and NB-360),
compared with baseline mice. Whole-body
PET images are shown in Supplemental
Figure 3.

124I-RmAb158-scFv8D3 retention in
NB-360–treated animals was clearly lower
than in vehicle animals, whereas there was
no notable difference from baseline ani-
mals (Fig. 1A). Radioligand concentra-
tions were significantly lower in the
thalamus (P5 0.049) of NB-360–treated
animals than in vehicle animals (Fig. 1B).
The same trend was observed in cortex,
hippocampus, and cerebellum but did not
reach significance. Vehicle animals dis-
played increased levels compared with
baseline (hippocampus, P5 0.028; cortex,
P5 0.018; thalamus, P5 0.021; cerebel-
lum, P5 0.039). Akin to results in
ArcSwe animals, SPECT images revealed
lower 125I-RmAb158-scFv8D3 retention
in AppNL-G-F animals treated with NB-360

than in the vehicle group (Fig. 1C). When quantified, radioligand
concentration was significantly lower in hippocampus (P5 0.017),
cortex (P5 0.047), and cerebellum (P, 0.001) (Fig. 1D). Vehicle
animals displayed increased 125I-RmAb158-scFv8D3 concentra-
tions in hippocampus (P5 0.008) and thalamus (P5 0.047) com-
pared with baseline.

11C-PiB binding was also assessed in postmortem brain tissue
with ex vivo autoradiography and compared with Ab42 immunos-
taining of the adjacent brain sections (Fig. 2A). At 40 min after
injection, ArcSwe animals showed 11C-PiB binding in regions
with abundant Ab pathology such as hippocampus, cortex, and
thalamus. White matter binding was observed in cerebellum, cor-
pus callosum, pons, and medulla (Fig. 2A). AppNL-G-F mice dis-
played low 11C-PiB binding in hippocampus, cortex, and thalamus
despite Ab pathology but. in line with observations in ArcSwe
animals, also showed distinct white matter binding. 11C-PiB bind-
ing in the cortex was further investigated with NTE (Fig. 2B). At
20 min after 11C-PiB injection in ArcSwe mice, the radioligand
was evenly distributed in the tissue, including the core of thiofla-
vin S–stained Ab deposits, whereas at 40 min after injection, the
radioligand was localized primarily around the dense core of thio-
flavin S–stained Ab plaques. 11C-PiB retention in AppNL-G-F mice

FIGURE 2. Ex vivo 11C-PiB retention in postmortem brain tissue. (A) Ab42-stained brain sections of
18-mo-old ArcSwe mouse and 10-mo-old AppNL-G-F mouse and corresponding ex vivo 11C-PiB
autoradiography images at 40 min after radioligand injection. Overlay illustrates overlap of regions
with abundant Ab plaque pathology and radioligand binding. (B) Thioflavin S staining (green) and
NTE (white dots) of 11C-PiB in ArcSwe and AppNL-G-F mice.
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at 40 min after injection was lower than that observed in ArcSwe
brain but, when present, also localized around the cores of thiofla-
vin S–positive Ab deposits.
Ex vivo autoradiography with radiolabeled RmAb158-scFv8D3

visualized the presence of the ligand in most parts of the brain.
There was especially high retention of the radioligand in cortex,
hippocampus, and thalamus already in the baseline groups in both
ArcSwe and AppNL-G-F mice (Fig. 3A). The spatial distribution of
the radioligand did not change because of NB-360 or vehicle treat-
ment, but the intensity of the radioactive signal was lower in the
NB-360 and baseline ArcSwe and AppNL-G-F mice than in vehicle-
treated animals. This trend was also evident when the complete
postmortem right hemispheres (from which brain sections were
prepared) were measured in a g-counter, although the difference
did not reach significance because of large interindividual varia-
tion (Fig. 3B). Ab42 staining visualized Ab-affected brain
regions, and further, the overlap between pathology-rich brain
regions and radiolabeled RmAb158-scFv8D3 strongly indicated
a colocalization between the radioligand and Ab-affected regions
in both mouse models (Fig. 3A). NTE in combination with
triple staining of glial fibrillary acidic protein, ionized calcium
binding adaptor molecule 1, and Ab is shown in the Supplemental
Figure 4.
Brain homogenates of all animals that underwent PET or SPECT

were biochemically assessed with ELISA. Tris-buffered saline
(TBS)–soluble Ab aggregates were quantified after centrifugation at
16,000g and 100,000g (Figs. 4A and 4D). In the 16,000g fractions,
NB-360–treated ArcSwe animals showed lower levels of Ab

aggregates than did the vehicle group
(P5 0.0029), whereas this difference was
not significant in the AppNL-G-F mice (P .

0.99). However, this decrease was more dis-
tinctive and significant in both animal mod-
els in the 100,000g fraction (P, 0.0001)
representing smaller and more soluble
aggregates. In addition, the NB-360 groups
displayed lower Ab levels in 100,000g
fractions than did the baseline groups
(P, 0.0001). Ab1-40 and Ab1-42 in the
formic acid fraction represent TBS-
insoluble Ab, including fibrils, and thus rep-
resent total plaque load (Figs. 4B and 4E).
NB-360–treated AppNL-G-F, but not ArcSwe,
displayed lower Ab1-40 levels than vehi-
cle-treated animals, whereas Ab1-42 levels
were decreased in NB-360–treated animals
compared with vehicle animals in both
models. Correlations between PET/SPECT
SUV and Ab levels are included in Supple-
mental Tables 2–5. Microglial activation
was assessed by quantification of soluble
triggering receptor expressed on myeloid
cells 2 (sTREM2) in the 16,000g fraction
(Figs. 4C and 4F). BACE-1 inhibition
decreased sTREM2 levels compared with
vehicle in both models (P, 0.0001). In the
ArcSwe animals, which showed higher
sTREM2 levels than the AppNL-G-F animals
at baseline, NB-360 treatment also reduced
sTREM2 levels compared with baseline
(P5 0.0143).

DISCUSSION

Amyloid imaging has become an important inclusion criterion in
clinical trials of candidate drugs aimed at reducing brain Ab.
Established amyloid radioligands, such as 11C-PiB, bind to Ab
fibrils deposited as insoluble plaques in the AD brain. These estab-
lished radioligands may therefore be insufficient for monitoring
changes in more soluble or diffuse forms of misfolded and aggre-
gated Ab, which are likely to be affected first by anti-Ab drugs. In
this study, we demonstrated that radiolabeled bispecific antibody
RmAb158-scFv8D3, binding to soluble Ab aggregates, was able to
quantify changes in brain Ab levels after treatment with BACE-1
inhibitor NB-360 in 2 mouse models of Ab pathology and, further,
that the readout was different from that of 11C-PiB PET, which did
not detect any differences between treated and untreated groups.

The NB-360 treatment was started at an age when Ab brain
pathology was already advanced and the brain tissue, at least in the
ArcSwe mice, included large amounts of dense-core Ab deposits.
Thus, it may not be surprising that the 11C-PiB signal did not
decrease with treatment, as these deposits are likely to be difficult
to dissolve. In line with this observation, formic acid–soluble Ab1-
40, the main constituent of dense-core deposits (31), displayed the
smallest difference between treatment groups. However, it was
somewhat surprising that despite BACE-1 inhibition, leading to a
dramatic reduction of the smallest aggregates as shown by ELISA
in the 100,000g TBS fraction, the 11C-PiB signal tended to increase
from baseline to the end of treatment. This findings implies that

FIGURE 3. Ab42 immunohistochemistry and ex vivo autoradiography of 124/125I-RmAb158-
scFv8D3 in brain tissue. (A) Comparison of Ab42 staining and autoradiography on sagittal brain sec-
tions of 1 representative ArcSwe or AppNL-G-F animal of each studied group. Stained brain section
was merged to overlay with corresponding ex vivo autoradiography of same animal to visualize
pathology and tracer binding simultaneously. (B) Postmortem ex vivo quantification of 124/125I-
RmAb158-scFv8D3 in complete right hemisphere in ArcSwe and AppNL-G-F animals.
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once insoluble deposits have been formed, they may continue to
increase in number and size, especially if the pool of monomers
and nonfibrillar aggregates has not been completely depleted. As
illustrated by the ELISA measurements, the reduction in
intermediate-sized Ab aggregates, that is, the 16,000g fraction, was
either smaller than that observed for the soluble aggregates in the
100,000g fraction (ArcSwe) or absent (AppNL-G-F). A longer treat-
ment time may be required to remove also the 16,000g aggregates.
This hypothesis is supported by clinical studies of BACE-1 inhibi-
tors that have reported decreased brain amyloid levels detected
with PET after 1.5–2 y of treatment (32,33).
The spatial distribution of 124I-RmAb158-scFv8D3 studied by

ex vivo autoradiography in combination with Ab42 immunohisto-
chemistry indicated radioligand accumulation in Ab-rich brain
regions in both mouse models. In contrast, ex vivo autoradiogra-
phy with 11C-PiB was evident in regions with abundant Ab
pathology only in the ArcSwe model, not in the AppNL-G-F model.
The main reason for selecting these 2 models for the present study
was their dissimilar Ab profiles, illustrated by their very different
relative ratios of Ab40 and Ab42; Ab40 is the major Ab species
in ArcSwe mice, whereas Ab42 dominates in AppNL-G-F mice
(Fig. 4). It has been shown that although Ab42 is more prone to
aggregate, the dense core of plaques is formed by Ab40 (31). It

should also be noted that Ab40 is the
major Ab isoform produced in human spo-
radic AD (34). Thus, this fact leads to
another important aspect highlighted in the
present study, that is, the selection of ani-
mal models for preclinical studies of brain
Ab, especially when evaluating the ability
of candidate drugs to reduce pathologic
changes. The application of 11C-PiB, and
analogs, in animal studies has indeed been
debated over the last 10–15 y. First, pre-
clinical attempts to quantify Ab deposits
with 11C-PiB in the PS1/APP transgenic
mouse model resulted in contradictory
results claiming structural differences
between Ab plaque formation and cerebral
pathology in mice and humans (35). Yet,
more recent studies have demonstrated that
Ab deposits can be assessed by 11C-PiB in
mouse models such as APP23 (36,37) and
APP/PS1-21 (38). Further, several studies
with 18F-labeled analogs of 11C-PiB have
underlined the ability of Ab plaque assess-
ment in different mouse models (39), espe-
cially in longitudinal studies (21,40).
Several studies have reported the ability of
amyloid PET to quantify disease-modifying
treatments, for example, mApoE-pA-Lip in
APP23 mice (41) and BACE-1 inhibition in
PS2APP mice (42). Thus, the use of amy-
loid PET likely requires a model with
dense-core Ab deposits. The present study
also demonstrated that weak 11C-PiB bind-
ing is not per se a sign of low brain Ab lev-
els, as radiolabeled RmAb158-scFv8D3
was readily able to detect the abundant Ab
pathology in 11C-PiB–negative AppNL-G-F

mice both in vivo and ex vivo. In line with this observation, patients
with AD caused by specific mutations in the AbPP, with confirmed
diffuse pathology and absence of dense-core plaques, have also
been reported as 11C-PiB–negative (7). Again, this finding illustrates
the need for radioligands able to quantify Ab in forms other than
insoluble deposits (plaques).
We used SUV, that is, activity concentrations normalized to the

injected activity per body weight, as the main readout measure
from PET. This is different from most studies that have reported
SUVRs—that is, activity ratios between regions of interest and a
reference region. The reference region used in previous studies has
in most cases been cerebellum or periaqueductal gray matter (21).
However, in the present study, Ab pathology was spread in the
whole brain at the start of the study, hence excluding the use of a
pathology-free region as a reference. In addition, all brain regions,
including cerebellum and periaqueductal gray matter, were affected
by disease progression and by NB-360 treatment as shown by
PET/SPECT and autoradiography and by ELISA of postmortem
cerebellum homogenates (Supplemental Fig. 5). Thus, in this set-
ting it was not possible to use reference region–based methods.
Apart from Ab, brain sTREM2 concentrations were also inves-

tigated in brain homogenates and found to be decreased in both
mouse models after administration of NB-360. This finding

FIGURE 4. Quantification of Ab and sTREM2 in brain homogenates. (A) Quantification of nonfibril-
lar, TBS-soluble Ab aggregates separated at 16,000g and 100,000g from ArcSwe brain homoge-
nates. (B) Insoluble Ab1-40 and Ab1-42 in the formic acid fraction of ArcSwe brain homogenates.
(C) sTREM2 levels in the TBS fraction of ArcSwe brain homogenates. (D) Quantification of nonfibrillar,
TBS-soluble Ab aggregates separated at 16,000g and 100,000g from AppNL-G-F brain homogenates.
(E) Insoluble Ab1-40 and Ab1-42 in the formic acid fraction of AppNL-G-F brain homogenates.
(F) sTREM2 levels in the TBS fraction of AppNL-G-F brain homogenates.
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suggests an extenuating effect on microglia activation due to lower
Ab production and aggregation.

CONCLUSION

Antibody-based PET and SPECT imaging of soluble Ab aggre-
gates is a sensitive tool to follow Ab pathology in the brain. This
study demonstrated the ability of such ligands to quantify changes
due to anti-Ab treatment at a stage of advanced Ab pathology.
Thus, radioligands based on antibodies directed toward a specific
form of aggregated Ab may have potential to improve and com-
plement diagnostics in preclinical and clinical studies of AD drug
candidates. We demonstrated in this study that radiolabeled
RmAb158-scFv8D3 is able to quantify changes in brain Ab levels
after BACE-1 inhibition in 2 AD mouse models, and further, that
the readout is different from that of 11C-PiB.
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KEY POINTS

QUESTION: Do 11C-PIB and 124I-antibody PET readouts provide
differing estimates of brain Ab after therapeutic intervention in
ArcSwe and AppNL-G-F mice with pronounced Ab pathology, and
if they do, what is the implication for drug development for AD?

PERTINENT FINDINGS: The antibody-based radioligand detected
changes in brain Ab levels after anti-Ab therapy in ArcSwe and
AppNL-G-F mice. In contrast, the decreased Ab levels could not be
quantified with gold-standard 11C-PiB PET, suggesting that these
ligands detect different pools of Ab.

IMPLICATIONS FOR PATIENT CARE: Radioligands based on
antibodies directed toward a specific form of aggregated Ab may
have potential to improve and complement diagnostics in preclini-
cal and clinical studies of AD drug candidates.
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68Ga-NODAGA-Exendin-4 PET/CT Improves the Detection
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Surgery with curative intent can be offered to congenital hyperinsulin-
ism (CHI) patients, provided that the lesion is focal. Radiolabeled
exendin-4 specifically binds the glucagonlike peptide 1 receptor on
pancreatic b-cells. In this study, we compared the performance of
18F-DOPA PET/CT, the current standard imaging method for CHI, and
PET/CT with the new tracer 68Ga-NODAGA-exendin-4 in the preoper-
ative detection of focal CHI. Methods: Nineteen CHI patients under-
went both 18F-DOPA PET/CT and 68Ga-NODAGA-exendin-4 PET/CT
before surgery. The images were evaluated in 3 settings: a standard
clinical reading, a masked expert reading, and a joint reading. The tar-
get (lesion)-to-nontarget (normal pancreas) ratio was determined using
SUVmax. Image quality was rated by pediatric surgeons in a question-
naire. Results: Fourteen of 19 patients having focal lesions underwent
surgery. On the basis of clinical readings, the sensitivity of 68Ga-
NODAGA-exendin-4 PET/CT (100%; 95%CI, 77%–100%) was higher
than that of 18F-DOPA PET/CT (71%; 95% CI, 42%–92%). Interob-
server agreement between readings was higher for 68Ga-NODAGA-
exendin-4 than for 18F-DOPA PET/CT (Fleiss k 5 0.91 vs. 0.56). 68Ga-
NODAGA-exendin-4 PET/CT provided significantly (P5 0.021) higher
target-to-nontarget ratios (2.026 0.65) than did 18F-DOPA PET/CT
(1.406 0.40). On a 5-point scale, pediatric surgeons rated 68Ga-
NODAGA-exendin-4 PET/CT as superior to 18F-DOPA PET/CT. Con-
clusion: For the detection of focal CHI, 68Ga-NODAGA-exendin-4
PET/CT has higher clinical sensitivity and better interobserver correla-
tion than 18F-DOPA PET/CT. Better contrast and image quality make
68Ga-NODAGA-exendin-4 PET/CT superior to 18F-DOPA PET/CT in
surgeons’ intraoperative quest for lesion localization.

Key Words: congenital hyperinsulinism; focal CHI; diagnostic imag-
ing; 68Ga-NODAGA-exendin-4 PET/CT; 18F-DOPAPET/CT

J Nucl Med 2022; 63:310–315
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Congenital hyperinsulinism (CHI) is the most common cause
of persistent and recurrent hypoglycemia in neonates. It occurs
with an incidence of 1 in 35,000–40,000 births (1). CHI often
presents in neonates as poor feeding, seizures, jitteriness, hypoto-
nia, apnea, cyanosis, hypothermia, or a hypoglycemia-induced
life-threatening event (2). CHI can also manifest in infancy or
childhood and, in rare cases, even in adolescents or young adults
(3). To avoid brain injury, early diagnosis and proper treatment of
CHI are crucial. The diagnosis of CHI is based on clinical findings
and hypoglycemic events, combined with inappropriately high
insulin or C-peptide levels or low insulinlike growth factor–
binding protein 1 levels (4,5). In diffuse CHI, which accounts for
60%–70% of all cases, there is diffuse involvement of the pancre-
atic b-cells, with enlarged hyperfunctioning cells that have abnor-
mally large nuclei and abundant cytoplasm (6,7). This subform is
caused by recessive or dominant mutations in the ABCC8 or
KCNJ11 genes, encoding for the b-cell adenosine triphosphate–
sensitive potassium channels. Diffuse CHI is treated primarily
with medication, such as octreotide and diazoxide. However,
many patients with recessive mutations in the ABCC8 and
KCNJ11 genes are unresponsive to this therapy, and near-total
pancreatectomy may then be the only option to avoid devastating
hypoglycemia. Even after such an invasive procedure, some chil-
dren present with recurring hypoglycemia, requiring further treat-
ment with medication or even reoperation (8).
Focal CHI accounts for 30%–40% of all CHI cases associated

with the adenosine triphosphate–sensitive potassium channel
genes. This form is characterized by focal adenomatous islet cell
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hyperplasia caused by the concurrence of a paternal mutation in
the ABCC8 or KCNJ11 gene and somatic loss of heterozygosity of
the maternal chromosome 11p15 region within a limited pancre-
atic region (9,10). Because there is involvement of only a specific
pancreatic area, focal CHI can be treated successfully by partial
pancreatectomy or limited lesionectomy, which can cure the dis-
ease in cases of complete removal of the lesion (7). Since focal
CHI can be treated with much less invasive surgery than diffuse
CHI, correct differentiation between these subforms is of great
importance. Also, precise presurgical localization of the focal
lesion is important for correct surgical planning and optimization
of surgical outcomes. If the lesion resides in the body or tail of the
pancreas, a minimally invasive, laparoscopic, procedure may be
performed (11).
The current standard imaging technique for noninvasive detection

of focal CHI is 18F-DOPA PET/CT (12). Because this technique has
a sensitivity of only 85%–89% for the detection of focal CHI (13),
focal lesions are still missed in some cases. In this study, we used a
new radiotracer based on the peptide exendin-4, which binds with
high affinity specifically to the glucagonlike peptide 1 receptor
expressed on pancreatic b-cells (14). 68Ga-labeled exendin has been
shown to detect insulinomas with high sensitivity (15,16). The spe-
cific tracer used in the current study, 68Ga-NODAGA-exendin-4, is
being assessed in a large prospective trial for insulinoma imaging
(NCT03189953). We have analyzed the data of patients with CHI
who underwent both 18F-DOPA PET/CT and 68Ga-NODAGA-
exendin-4 PET/CT to compare the effectiveness of these 2 imaging
techniques for the detection and localization of focal CHI.

MATERIALS AND METHODS

Study Design and Patients
This prospective multicenter study (NCT03768518) included consec-

utive eligible patients at the Great Ormond Street Hospital in the United
Kingdom (7 patients) and at the Radboud University Medical Centre in
The Netherlands (1 patient). Patients were recruited directly by these
centers and by referral from several tertiary centers across Europe.

Patients were enrolled with biochemically proven, endogenous CHI
who were unresponsive to medical treatment and qualified for 18F-
DOPA PET/CT on the basis of mutation analysis (no genetically proven
diffuse CHI based on a homozygous or compound heterozygous
ABCC8/KCNJ11 mutation). Exclusion criteria were renal insufficiency
(creatinine clearance , 40 mL/min) and evidence of malignancies other
than insulin-producing lesions. The study was approved by the local
institutional review board of both participating institutes. The parents of
all included patients provided written informed consent in accordance
with provisions of the Declaration of Helsinki.

In addition, real-world evidence data from CHI patients diagnosed
and treated at the Charit%e University Hospital in Germany (11 patients)
were analyzed in accordance with national drug regulations. Parents of
these patients provided written informed consent to the use of the new
radiotracer.

Procedures
In all patients, 18F-DOPA PET/CT was performed according to the

local guidelines for focal-CHI detection. 18F-DOPA (3 MBq/kg; lower
limit, 40 MBq) was injected as a slow bolus over 1 min. Patients had
not fasted and were not pretreated with carbidopa. A PET/CT acquisi-
tion at 1 bed position for 10 min was started 20 min after tracer injec-
tion. Depending on the assessment of the first scan, additional PET
acquisitions were performed at 40 or 60 min after tracer injection.

For 68Ga-NODAGA-exendin-4 PET/CT, a 1.66 0.1 MBq/kg dose
of the tracer (lower limit, 20 MBq), corresponding to a peptide dose of

maximally 0.08–0.12 mg/kg (lower limit, 1.4 mg), was injected intrave-
nously as a slow bolus over 5 min. Details on radiopharmaceutical prep-
aration are provided in the supplemental materials. The patients had
fasted for 1 h before tracer injection to reduce endogenous glucagonlike
peptide 1 production. Blood glucose levels were monitored before tracer
injection and at least at 5, 10, 15, 30, 60, 90, and 120 min after tracer
injection. Since blood glucose levels may decrease after 68Ga-
NODAGA-exendin-4 injection, they were closely monitored. Intrave-
nous glucose injection with a case-specific infusion rate was given to all
patients to manage glucose levels during the procedure.

PET acquisition methods varied because of differences in the insti-
tutional standard of care for CHI patients. Details on 68Ga-NODAGA-
exendin-4 PET/CT and PET/MRI acquisition procedures for all
centers and reconstruction parameters are given in Supplemental Table
1 (supplemental materials are available at http://jnm.snmjournals.org).
At the Great Ormond Street Hospital, a protocol has been developed
for 18F-DOPA PET/CT/CT to be performed under oral sedation with
chloral hydrate in children with CHI to avoid general anesthesia
(Sarah Kiff et al., unpublished data, 2021). This protocol was adopted
for 68Ga-NODAGA-exendin-4 PET/CT acquisitions at the Great
Ormond Street Hospital.

At the Radboud University Medical Centre, 1 patient was included.
Scans there were performed without anesthesia with a vacuum mattress.

Real-world evidence from an institutional database of 11 CHI
patients who underwent 68Ga-NODAGA-exendin-4 PET/CT for diag-
nostic purposes at the Charit%e University Hospital were included retro-
spectively. Younger children were imaged while receiving inhalation
anesthesia with isoflurane under the supervision of an anesthesiologist;
older children were able to undergo the procedure without sedation.

Evaluation
Histologic evaluation and clinical outcome (normalization of blood

glucose levels after surgery) were used as a reference standard. 18F-
DOPA PET/CT and 68Ga-NODAGA-exendin-4 PET/CT scans were clin-
ically read at the site of patient inclusion by nonmasked observers. The
clinical reading was performed by a pediatric endocrinologist (hyperinsu-
linism expert) together with a nuclear medicine physician and a pediatric
surgeon at the site of the PET scan. After completion of data collection,
all 18F-DOPA and 68Ga-NODAGA-exendin-4 PET/CT images were
reevaluated by 1 masked 68Ga-NODAGA-exendin-4–experienced nuclear
medicine physician (expert reading). Additionally, a joint reevaluation of
all images was performed by this nuclear medicine physician together
with a pediatric endocrinologist highly experienced in 18F-DOPA PET/
CT reading. All images were evaluated in terms of disease subform and,
if detected, the size and location of the focal lesion. For exact localization
of the focal lesion, the pancreas was divided into 6 areas based on ana-
tomic relation to the pancreatic duct and portal vein (Supplemental Fig.
1). Images from all time points were used for interpretation.

Quantitative analysis of the 18F-DOPA PET/CT and 68Ga-
NODAGA-exendin-4 PET/CT or PET/MRI scans in which focal
lesions had been confirmed by histopathology was performed by a
nonmasked expert. Volumes of interest (VOIs) were drawn to deter-
mine tracer uptake, expressed as SUVmax, in different parts of the pan-
creas and visible focal lesions. The SUVmax ratios of the focal lesion
or area with the highest tracer uptake (for 18F-DOPA PET/CT scans in
which the focal lesion was not detected) and the area with the next
highest tracer uptake were determined. VOIs were drawn over the
head, body, and tail of the pancreas. Within these VOIs, isocontour
VOIs were created consisting of the voxels with the 30% highest
intensity (examples of resulting VOIs are depicted in Supplemental
Fig. 2). For quantification of the dynamic PET scans, reconstructed
images of the time frames from 30 to 40 min (Charit%e University Hos-
pital) and from 40 to 45 min (University College London) after injec-
tion were used.
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To estimate the optimal imaging time point for 68Ga-NODAGA-
exendin-4 PET/CT, SUVmax ratios in reconstructed images of 5-min
intervals over the imaging period from 0 to 45 min after tracer injec-
tion were determined in 4 patients with focal disease.

To evaluate image quality and correlation of imaging results with
the intraoperative findings, 18F-DOPA PET/CT and 68Ga-NODAGA-
exendin-4 PET/CT images of 13 patients with a detected focal lesion
were rated by the involved pediatric surgeon using a questionnaire
based on the Leiden surgical rating scale (supplemental materials).

Statistical Analysis
Imaging results confirmed by histopathology were regarded as true-

positives or true-negatives. Imaging results with competing histopa-
thology results were regarded as false-positives or false-negatives.
Ninety-five percent CIs for sensitivity were calculated using the
Clopper–Pearson method. Interobserver variation was calculated
using the Fleiss k. SUVmax ratios in 18F-DOPA PET/CT and 68Ga-
NODAGA-exendin-4 PET/CT scans were compared using paired-
sample t tests. Surgeon scores of image quality were compared using
Wilcoxon signed-rank tests. Statistical analyses were performed using
SPSS (version 22; IBM).

RESULTS

Patients
We included the data of 19 CHI patients. Baseline characteris-

tics of the patients are given in Table 1, and clinical details are in
Supplemental Table 2. All patients underwent 18F-DOPA PET/CT
and 68Ga-NODAGA-exendin-4 PET/CT, with a median time of 13
d (range, 4–72 d) between the procedures. On clinical reading,
18F-DOPA PET/CT revealed focal areas of high tracer uptake sug-
gestive of focal lesions in 10 patients (53%), and 68Ga-NODAGA-
exendin-4 PET/CT revealed such areas in 14 patients (74%)
(Table 2). The study profile is depicted in Supplemental Figure 3.

Tolerability
One patient (5%) experienced vomiting after injection of

68Ga-NODAGA-exendin-4. In 2 patients (11%), episodes of mild
hypoglycemia requiring increased glucose infusion occurred after
injection of 68Ga-NODAGA-exendin-4. In the other patients, glu-
cose levels were stable (.3.5 mmol/L) under regular monitoring
and intravenous glucose infusion. No other adverse events occur-
red in any of the patients.

Surgery
The results of both imaging procedures were used for surgical

planning. Suggestive lesions were detected by clinical reading of
the PET images in 14 patients. These patients underwent surgery,
and the presence of focal lesions was confirmed by histopathologic
evaluation. All surgically treated patients with focal lesions were
cured after surgery (normalization of blood glucose levels in long-
term follow-up).
Of the remaining 5 patients, in whom no focal lesion was

detected by clinical reading (diffuse tracer uptake on both 18F-
DOPA and 68Ga-NODAGA-exendin-4 PET/CT), 1 patient under-
went near-total pancreatectomy because of an insufficient response
to medication. In line with the imaging results, histopathology
indicated diffuse disease in this patient. The 4 patients who did not
undergo surgery (aged 10, 18, 68, and 125 mo) could be suffi-
ciently managed with diet and medication.
Since histopathology and clinical follow-up were the reference

standard, patients who did not undergo surgery were excluded
from analysis.

Diagnostic Performance
Imaging results are summarized in Table 2. In this patient popu-

lation, 68Ga-NODAGA-exendin-4 PET/CT had a sensitivity of
100% (95% CI, 77%–100%) for detection of focal lesions, com-
pared with a sensitivity of 71% (95% CI, 42%–92%) for
18F-DOPA PET/CT, based on clinical readings of the images. In 4
of 15 patients (27%), focal lesions were identified only using
68Ga-NODAGA-exendin-4 PET/CT. In these patients, the surgery
planning was based solely on the results of the 68Ga-NODAGA-
exendin-4 PET/CT. 18F-DOPA PET/CT and 68Ga-NODAGA-
exendin-4 PET/CT images of these 4 patients are shown in
Figure 1. On the basis of the clinical readings, 68Ga-NODAGA-
exendin-4 PET/CT performed better for detection of focal lesions.

Interobserver Correlation
On reevaluation of the 18F-DOPA PET/CT images by an expert

nuclear medicine physician, 2 additional focal lesions were identified,
increasing the sensitivity to 86% (range, 57%–98%). In the expert
readings of the 68Ga-NODAGA-exendin-4 PET/CT images, 1 focal
lesion was missed, decreasing the sensitivity to 93% (range,
66%–100%). Through joint reading of the images by an expert
nuclear medicine physician and a pediatric endocrinologist, all focal
lesions were detected on both 68Ga-NODAGA-exendin-4 PET/CT
and 18F-DOPA PET/CT. Although the sensitivity of both techniques
reached 100%, the interobserver agreement was higher for 68Ga-
NODAGA-exendin-4 PET/CT than for 18F-DOPA PET/CT (Fleiss k
5 0.91 vs. 0.56). For 68Ga-NODAGA-exendin-4 PET/CT, there was
almost perfect agreement, whereas for 18F-DOPA PET/CT, the level
of agreement between the readings was only moderate. The increased
sensitivity of 18F-DOPA PET/CT on only reevaluation of the images,
together with the higher interobserver agreement in evaluation of the
68Ga-NODAGA-exendin-4 PET/CT images, clearly indicates a facili-
tated and more reliable interpretation of the 68Ga-NODAGA-exen-
din-4 PET/CT images, resulting in less equivocal results.

Semiquantitative Analysis
In patients with histopathologically proven focal CHI, the SUVmax

ratios of the focal lesion to the area of the pancreas with the next

TABLE 1
Patient Characteristics

Characteristic Data

Participants 19

Age (mo) 8.3 (4.0–22.0)

Age at diagnosis (d) 7 (1.5–12)

Sex

Female 8/19 (42%)

Male 11/19 (58%)

Genetic mutation

Paternal ABCC8 mutation 16/19 (84%)

No or unknown mutation 3/19 (16%)

Response to medication

Full 5/19 (26%)

Partial 14/19 (74%)

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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highest tracer uptake are significantly higher in 68Ga-NODAGA-
exendin-4 PET/CT than in 18F-DOPA PET/CT (2.036 0.63 and
1.036 0.35, respectively; P 5 0.0026) (Fig. 2). These quantitative
data show that 68Ga-NODAGA-exendin-4 PET/CT provides better
contrast to discriminate between focal and diffuse disease and thus
explains the difference in interobserver agreement levels.
Quantification of reconstructed images of 5-min intervals over

the imaging period shows some variability between patients in the
time point of the highest SUVmax ratio. SUVmax ratios over time
are depicted in Supplemental Figure 4. For all 4 patients, the high-
est SUVmax ratio was between 30 and 45 min after tracer injection.
This therefore seems to be the best time frame for 68Ga-NODAGA-
exendin-4 PET/CT imaging.

Surgical Ease
The influence of PET image quality on surgical ease was mea-

sured by rating of the DOPA and 68Ga-NODAGA-exendin-4 PET/
CT images by the involved pediatric surgeons. These were all expe-
rienced surgeons who had performed more than 10 CHI surgeries
during their career and more than 5 during the last 3 y. The surgeons’
rating of PET image quality showed significantly higher scores for
68Ga-NODAGA-exendin-4 PET/CT than for 18F-DOPA PET/CT
regarding the decision to perform surgery (4.5 vs. 3.8, respectively;
P5 0.025; Fig. 2B), as well as regarding correlation of the imaging
results with intraoperative findings (4.4 vs. 3.7, respectively; P 5
0.0083; Fig. 2C). Of 13 cases, the surgeons reported preferring
68Ga-NODAGA-exendin-4 PET/CT imaging for future CHI
patients in 9 cases, versus 18F-DOPA PET/CT in only 1 case and no
preference in 3 cases. This finding implies a better image quality for
68Ga-NODAGA-exendin-4 PET/CT than for 18F-DOPA PET/CT
and a possible benefit for the surgical treatment of CHI patients.

DISCUSSION

The results of the present study indicate that 68Ga-NODAGA-
exendin-4 PET/CT is a promising tool for detection and localiza-
tion of focal CHI, providing a high sensitivity and diagnostic
accuracy. The higher interreader agreement of 68Ga-NODAGA-
exendin-4 PET/CT than of 18F-DOPA PET/CT indicates superior
performance of 68Ga-NODAGA-exendin-4 PET/CT in some
patients by providing less equivocal results.
Quantitative analysis of scans of patients with histopathologi-

cally confirmed focal CHI showed significantly higher SUVmax

ratios on 68Ga-NODAGA-exendin-4 PET/CT than on 18F-DOPA
PET/CT. The higher contrast between uptake in the focal lesion

and in the remainder of the pancreas on 68Ga-NODAGA-exendin-
4 PET/CT scans enables easier detection of focal lesions. This
finding explains the increased sensitivity of 68Ga-NODAGA-exen-
din-4 PET/CT based on the initial clinical reading, and the
increased rate of agreement in readings of 68Ga-NODAGA-exen-
din-4 PET/CT images between clinical and expert readers, in com-
parison to 18F-DOPA PET/CT images. This increased sensitivity
and agreement are of importance, especially in cases with a het-
erogeneous pattern of tracer uptake in the pancreas—cases that are
usually difficult to diagnose (13).
The superior image quality of 68Ga-NODAGA-exendin-4 PET/CT

is important for both the scan reading and the surgical procedure,
since successful surgery depends on precise presurgical detection of
focal CHI and the subsequent discovery and complete removal of the
focal lesion intraoperatively, as reflected by pediatric surgeons’ image
ratings. 68Ga-NODAGA-exendin-4 PET/CT could benefit the surgi-
cal treatment of CHI patients by facilitating the decision to perform
surgery, as well as the intraoperative localization of the focal lesion.
In our limited population of 19 CHI patients, 4 cases of focal CHI

were clinically not identified using 18F-DOPA PET/CT. This is a
high number compared with a previous large prospective study with
50 cases and retrospective reviews of 105 and 195 cases, which
reported sensitivities of 88%, 85%, and 89%, respectively, for detec-
tion of focal CHI using 18F-DOPA PET/CT (13,17,18). This result is
suggestive of a high complexity in the cases in this study. An over-
representation of such difficult cases in our study population could
stem from an increased incentive to refer patients with complex and
equivocal 18F-DOPA PET/CT imaging results for an investigative
diagnostic procedure. In this population, 68Ga-NODAGA-exendin-4
PET/CT outperformed 18F-DOPA PET/CT in the clinical nonexpert
setting, facilitating curative surgery without the need for further
medicinal treatment or near-total pancreatectomy in 4 additional
patients. 68Ga-NODAGA-exendin-4 PET/CT therefore had a major
positive impact on the clinical management of these patients.
A limitation of the current study was the inability to exclude the

possibility of missed focal lesions. All focal lesions that were iden-
tified by 68Ga-NODAGA-exendin-4 PET/CT were confirmed by
histopathology. However, 4 patients in whom diffuse disease was
indicated on both 18F-DOPA PET/CT and 68Ga-NODAGA-exen-
din-4 PET/CT did not undergo surgery but instead received con-
tinued medical treatment. In these patients, diffuse disease was not
confirmed.
Another possible limitation of this study was the inclusion of

patients from 3 centers with differences in the 68Ga-NODAGA-

TABLE 2
Sensitivity of 18F-DOPA PET/CT and 68Ga-NODAGA-Exendin-4 PET/CT Based on Clinical and Study Readings

Parameter 18F-DOPA PET/CT 68Ga-NODAGA-exendin-4 PET/CT

Focal lesions detected on clinical reading (n) 10/14 (71%) 14/14 (100%)

True-positives 10 14

False-negatives 4 0

Sensitivity* based on…

Clinical reading 71% (95% CI, 42%–92%) 100% (95% CI, 77%–100%)

Expert reading 86% (95% CI, 57%–98%) 93% (95% CI, 66%–100%)

Joint reading 100% (95% CI, 77%–100%) 100% (95% CI, 77%–100%)

*Data are value and 95% confidence interval, calculated for cases with focal lesions only.
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exendin-4 PET/CT acquisition procedure (Supplemental Table 1).
However, the high degree of diagnostic accuracy and interreader
agreement for 68Ga-NODAGA-exendin-4 PET/CT in all included
patients shows the robustness of this technique in clinical practice.
On the basis of the data in this study, the expected optimal time

frame for 68Ga-NODAGA-exendin-4 PET/CT imaging is between
30 and 45 min after tracer injection. In the tail of the pancreas,
focal lesions that overlap the contour of the left kidney pose a
diagnostic challenge with 18F-DOPA PET/CT, as has been
described previously (13). Because of the high renal accumulation
of 68Ga-NODAGA-exendin-4 PET/CT, this issue also occurs with
PET/CT using this tracer. In such cases, performing additional
scans at later time points could be beneficial, since uptake of

68Ga-NODAGA-exendin-4 PET/CT in the kidneys was shown to
decrease over time in adults (19).
The introduction of 18F-DOPA PET/CT to discriminate between

focal and diffuse CHI has had a major impact on the clinical
approach by obviating more invasive diagnostic procedures, such
as selective arterial calcium stimulation with simultaneous venous
sampling or transhepatic portal venous insulin sampling, and by
optimizing surgical treatment because of increased diagnostic
accuracy. This study showed that 68Ga-NODAGA-exendin-4 PET/
CT has the potential to even further improve the treatment of
patients with focal CHI by improving diagnostic accuracy and cer-
tainty. This improvement could enable curative surgery in more
patients and could benefit surgical planning by providing more
precise and reliable preoperative images.
In addition to the better image quality of 68Ga-NODAGA-exen-

din-4 PET/CT than of 18F-DOPA PET/CT, another important advan-
tage to 68Ga-NODAGA-exendin-4 PET/CT is the production of 68Ga
by a generator. Because of the short half-life of 68Ga (68min), it can-
not be transported between centers. However, production by a gener-
ator enables on-site production of the radiotracer even at PET centers
without a cyclotron, thereby enabling broad availability. Since 18F-
DOPA is often difficult to obtain, this capability could transform the
care of focal-CHI patients at such centers. In addition, the equivocal
results provided by 68Ga-NODAGA-exendin-4 PET/CT will also
enable correct image interpretation at less experienced centers. An
additional important advantage to 68Ga-NODAGA-exendin-4 is the

FIGURE 2. (A) SUVmax ratios between focal lesion and area with next
highest tracer uptake. Data are given as mean 6 SD, as well as individual
datapoints. Scans with focal lesions identified during clinical reading are
depicted in red. Scans reported to show diffuse disease are depicted in
blue. (B and C) Rating scores of 68Ga-NODAGA-exendin-4 and 18F-DOPA
PET/CT images by pediatric surgeons. Scores are on preoperative image
quality for decision to perform surgery (B) and correlation of imaging
results with intraoperative findings (C). *P, 0.05.

FIGURE 1. 68Ga-NODAGA-exendin-4 PET/CT and 18F-DOPA PET/CT
images of patients 2 (A), 4 (B), 6 (C), and 9 (D), for whom 68Ga-NODAGA-
exendin-4 PET/CT scans were reported as focal in clinical readings
whereas 18F-DOPA PET/CT scans were reported as diffuse. Locations of
focal lesions (for 18F-DOPA PET/CT detected during joint readings) are
indicated with green arrows. In D, focal lesion in head is indicated with
green arrows, and for comparison, red arrows indicate areas with the next
highest tracer uptake in all images. Presence of focal lesions was con-
firmed by histopathology in all 4 patients.
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very low PET radiation dose to the patients, which we previously cal-
culated to be about 4-fold lower for newborn patients than the radia-
tion dose from 18F-DOPA (19).

CONCLUSION

Through this study, we provided the first (to our knowledge) clini-
cal evidence of detection and localization of focal CHI using 68Ga-
NODAGA-exendin-4 PET/CT. These first results show that image
quality is better for 68Ga-NODAGA-exendin-4 PET/CT than for the
standard 18F-DOPA PET/CT, resulting in an excellent sensitivity and
diagnostic accuracy, which changed the surgical management in 4 of
19 patients. Although the performance of 68Ga-NODAGA-exendin-4
PET/CT needs to be further assessed in a larger patient population,
we believe that it has the potential to replace 18F-DOPA PET/CT as
the primary imaging tool for detection and localization of focal CHI.
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KEY POINTS

QUESTION: Is 68Ga-NODAGA-exendin-4 PET/CT effective for
preoperative detection and localization of focal CHI?

PERTINENT FINDINGS: 68Ga-NODAGA-exendin-4 PET/CT has
higher clinical sensitivity and a better interobserver correlation for
the detection of focal CHI than does 18F-DOPA PET/CT. 68Ga-
NODAGA-exendin-4 PET/CT provided significantly higher target-
to-nontarget ratios than did 18F-DOPA PET/CT, and pediatric
surgeons rated 68Ga-NODAGA-exendin-4 PET/CT superior to
18F-DOPA PET/CT.

IMPLICATIONS FOR PATIENT CARE: 68Ga-NODAGA-exendin-4
PET/CT has the potential to benefit the treatment of patients with
focal CHI by improving diagnostic accuracy and certainty. This
advantage could enable curative surgery in more patients and
benefit surgical planning by providing more precise and reliable
preoperative images.
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This paper presents standardized methods for collecting data to be
used in performing dose calculations for radiopharmaceuticals. Vari-
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Currently, there is renewed interest in performing radiation
dosimetry for radiopharmaceuticals, particularly in therapy appli-
cations. To have any new radiopharmaceutical approved by the
U.S. Food and Drug Administration (FDA), whether for diagnostic
or therapeutic applications, human radiation doses must be esti-
mated. In 1999, Siegel et al. (1) published a guide for obtaining
quantitative data for use in radiopharmaceutical dosimetry. The
current article, and a companion article to it (2), updates that infor-
mation with practical guidance and worked examples.

FDA REQUIREMENTS FOR
RADIOPHARMACEUTICAL DOSIMETRY

The FDA expects that preclinical studies will be used to deter-
mine dosimetry in animals and that human dosimetry needs to be
determined as part of phase 1, 2, and 3 studies. The FDA sets
standards for the use of lasers (title 21 of Code of Federal Regula-
tions) and other nonionizing radiation, food irradiation, and phar-
maceuticals. Medical imaging agents are submitted for approval in
investigational new drug applications, new drug applications, bio-
logics license applications, abbreviated new drug applications, and
supplements to new drug applications or biologics license
applications.
The radiation safety assessment that is associated with the

approval of use of medical imaging agents includes many

requirements for dose calculations to support these submissions
(3). Applicants should provide a description of which organs have
a significant accumulation of activity over time, what activity lev-
els were observed at different times (with at least 2 time points
obtained per phase of radionuclide uptake or clearance), an evalua-
tion of time integrals of activity, descriptions of how they were
obtained, and a description of how they were combined with dose
conversion factors to obtain doses (if not done by software). Any
significant radiation hazards to other patients and health-care
workers should also be assessed.
FDA requirements (4) require a preclinical phase, in which

studies are done on an animal species, and phase 1, 2, and 3 clini-
cal studies, in which dosimetry data are gathered from human sub-
jects, to establish and refine the radiation dose estimates and
establish the safety and efficacy of any new drug.
First-in-humans studies can establish the safety and tolerability

and preliminary efficacy of a new drug before entering into full-
fledged clinical trials, but all 4 phases of study are needed to
establish the radiation dosimetry of any candidate for a new drug
application (5).

PLANNING A STUDY TO OBTAIN BIOKINETIC DATA

In either animal or human studies, one must collect sufficient
data to fully characterize the radiation dose (Gy) to all relevant
organs and tissues in the body. Siegel et al. (1) noted that there are
5 key questions in study design: what regions are source regions,
how fast the radioactivity accumulates in these source regions,
how long the activity remains in the source regions, how fast the
activity is excreted from the source organs, and how much activity
is in the source regions as a function of time after administration.
A starting point in considering study design is the physical half-

life of the radionuclide used. Gathering data over several half-lives
should give a good evaluation of the complete decay of the com-
pound in the body. A very short-lived nuclide such as 11C (which
has a 20-min physical half-life) does not afford a long time for
gathering image data. Furthermore, one must consider the radio-
pharmaceutical’s effective half-time (although usage varies, the
term half-life is generally used for physical half-lives, whereas
half-time is generally used for biologic and effective half-times):

Te ¼ Tb3Tp

Tb þ Tp
, Eq. 1

where Te is the effective half-time, Tp is the radionuclide’s physi-
cal half-life, and Tb is the compound’s biologic half-time (the time
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for half the activity in a region to be cleared by biologic elimina-
tion). Physical decay and biologic clearance work in parallel to
remove radioactivity more quickly overall than either one would
alone. For example, because 99mTc has a 6-h Tp, one might think
of gathering data over 24–48 h. However, because 99mTc-DTPA is
cleared by the kidneys in just a few short minutes and is cleared
from the body overall with about a 1.7-h biologic half-time (6),
3–10 effective half-times would be 4–13 h, and many data points
would need to be gathered in a relatively short time after adminis-
tration. A more slowly cleared 99mTc compound could be imaged
over longer times. A compound labeled with 131I (Tp 5 8 d) and
whose clearance is relatively slow could possibly be sampled with
a few data points on the first day and then one data point per day
for several days. Study design is not an exact science, but care
must be taken not to undersample the data when there may be sev-
eral phases of uptake and clearance. Some radiopharmaceuticals
(e.g., 131I tositumomab; Bexxar [GlaxoSmithKline]) are well char-
acterized by a single exponential decay function for the whole
body, whereas others may have 2 distinct phases of clearance—an
early phase that is dominated by rapid clearance of a portion of
the administered activity and a later phase that is dominated by
slower clearance of the remainder of the administered activity. Of
course, physical decay is superimposed on these biologic clearance
processes. Although it is common for most uptake in organs to be
fairly rapid, some organs, tissues, and tumors may exhibit an
exponential phase of uptake and one or more phases of clearance.
In any case, it is important to capture the early peak uptake and
rapid washout phase, covering at least 3–5 effective half-times
(Te) of the radiopharmaceutical. Report 67 of the International
Commission on Radiation Units and Measurements (7) suggests
that data points typically be taken near 1=3, 2=3, 11=2, 3, and 5 times
the Te; be collected from at least 2 time points during the interval
in which each biologic clearance phase is dominant; account for
100% of the activity at all times; and account for all major paths
of excretion (e.g., urine, feces, and exhalation).
Clinical application of these requirements can be difficult. For

longer-lived radionuclides such as 131I and 177Lu, capturing the
behavior of early and late clearance phases may require obtaining
multiple data points on the first day, then one data point each day
for several days afterward. Obtaining these at times when clinical
staff are available and patients can return may present logistic
challenges. Siegel et al. (1) analyzed the error that can occur if the
uptake and washout phases of clearance are not adequately sam-
pled. For example, Figure D2 of their article (Fig. 1) shows the
variation of tmax (the time for initial sampling) that constrains the
error to a given percentage, as a function of effective washout
half-time (Te) for 4 different values of percentage error (,10%) in
estimates of an organ’s area under the curve (i.e., the time-
integrated activity).
Madsen et al. demonstrated that when the effective half-time of

a monoexponentially clearing radiopharmaceutical is fairly consis-
tent among patients, the time-integrated activity may be estimated
by taking a single measurement at the mean lifetime (i.e., 1.443
times the effective half-time) of the radiopharmaceutical. In the
case of a biexponential clearance, the effective half-time of
the longer-lived component should be used. Although most of the
resulting renal dose estimates in a clinical study of 47 patients
who were administered 90Y-DOTATOC were within 10% of those
based on multiple-time-point imaging, some differed by as much
as 22%. The investigators suggest that the population effective
half-time may be obtained from a clinical study or from

pharmacokinetic modeling. This approach might not be suffi-
ciently accurate, though, when there is a wide variation among
patients or even among the source organs within individuals.
Stabin (8) provided a more comprehensive analysis of the influ-

ence of all parameter values on the overall uncertainty in internal
dose estimates.

EXTRAPOLATING ANIMAL DATA TO HUMANS

In an animal study, the compound under study may be adminis-
tered to several animals, which are then sacrificed at different
times, with the activity within the organs estimated by counting
(harvesting the organs and counting them in a well counter or other
device), or perhaps using autoradiography techniques or imaging of
the animals (e.g., with a small-animal PET or small-animal SPECT
imaging system). Serial imaging with microimaging systems obvi-
ates killing of animals but may complicate the interpretation of the
kinetic data that are obtained, as the animals generally need to be
anesthetized, which may alter their physiologic state.
The data gathered are then used to predict uptake values in

humans from the concentrations seen in animal tissues (extrapola-
tion). Extrapolation of animal data to humans is by no means an
exact science. Crawford and Richmond (9) and Wegst (10) studied
some of the strengths and weaknesses of various extrapolation
methods that have been proposed in the literature. One method of
extrapolating animal data that has been widely applied is the
% kg/g method (11). Considering %/organ or %/g in an animal to
be the same as %/organ or %/g in humans is subject to certain pit-
falls. In the % g/kg method, the animal organ data need to be
reported as percentage injected activity per gram of tissue, and this
information plus knowledge of the animal whole-body weight is
used in the following extrapolation:

%
organ

' &
human

¼ %
gorgan

 !
animal

3ðkgTBweightÞanimal

24 35
3

gorgan
kgTBweight

' &
human

,

Eq. 2

where % is percentage administered activity, gorgan is the mass of
the organ in grams, and kgTBweight is the mass of the whole animal
in kilograms. Table 1 shows example calculations of data extrapo-
lated from an animal species to humans using this approach (12).

FIGURE 1. Variation in tmax to constrain error on area under curve to
fixed percent. (Reprinted from (1).)
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The animal whole-body weight was 20 g (0.02 kg), and the human
source organ chosen had a mass of around 300 g. The human
total-body weight for the standard adult male of 70 kg was used in
the calculations. For example:

38:1%
g

ðanimalÞ30:020 kg3
299 g
70 kg

¼ 3:26%
organ

ðhumanÞ: Eq. 3

Some researchers have also suggested a transformation of the
time scale, to account for the differences in metabolic rate among
species of different body mass, based on the idea that faster meta-
bolic rates will result in faster clearance of compounds from the
body. One suggested scaling approach is given as follows:

th ¼ ta
mh

ma

% $0:25
, Eq. 4

where ta is the time at which a measurement was made in an ani-
mal system, th is the corresponding time assumed for the human
data, and ma and mh are the total-body masses of the animal spe-
cies and of humans, respectively. Table 2 shows an example with
data extrapolated from an animal species to humans using this
time-scaling approach (10). In this example, the animal whole-
body weight was 200 g (0.2 g), and again, the human total-body
weight for the standard adult male of 70 kg was used in the calcu-
lations. For example:

5min3
70 kg
0:2 kg

% $0:25
¼ 22 min: Eq. 5

One problem in the area of animal data extrapolation to humans
is the treatment of activity that is not accounted for in individual
animal organs. Some researchers manage to successfully account
for activity in the carcass, or the rest of the animal body that was
not harvested for counting. If the radionuclide is particularly short-
lived, this assessment may not be necessary, as one may be able to
simply assume that activity unaccounted for was uniformly distrib-
uted in other tissues and eliminated only by radioactive decay. For
many radiopharmaceuticals, this assumption may significantly
overestimate the number of disintegrations in these remainder tis-
sues and underestimate the number of disintegrations in excretory
organs such as the urinary bladder and the intestines. An assess-
ment of the activity in these regions, via direct counting or analy-
sis of excreta, is usually needed. Such values are usually not
extrapolated to humans on a mass basis but are assumed to apply
directly (i.e., % excreted by the animal 5 % excreted by the
human); a time extrapolation may be applied if desired. Gathering
of excreta data is quite important to accounting for 100% of the
administered activity. If it is known that all excretion is urinary,
one can use (100% minus the total-body retention) as the excreted
fraction. If both urinary and intestinal excretion are possible, the
collection of both urinary and fecal data is needed.

Sparks and Aydogan (13) investigated the accuracy of animal
data extrapolation to humans for several radiopharmaceuticals.
They reached no solid conclusions that any particular method was
superior to another. They did find, however, that extrapolated ani-
mal data tend to underestimate human organ self-doses. Figure 2,
adapted from Figures 1 and 4 in their publication, show 2 exam-
ples of their results. These figures show the ratio of organ resi-
dence times (normalized number of disintegrations), which is also
proportional to organ self-dose, when no extrapolation was per-
formed (their Fig. 1) or both the time and the mass extrapolations
shown above (their Fig. 4) were performed. A ratio of 1.0 repre-
sents perfect agreement, whereas ratios below 1.0 imply that the
animal data underpredicted human doses, and ratios above 1.0
imply overestimation of human doses. One would like to see a
normal distribution centered around 1.0. The graphs might fit a
lognormal distribution, but nonetheless, in most cases, extrapo-
lated animal data underpredicted human doses. Thus, providing
dosimetry data to the FDA in preclinical studies is necessary in
the drug approval process, but in most cases, reasonably accurate
human doses will be derived only from the phase 1, 2, and 3 clini-
cal studies on humans.
An important point in the elements of study design that are

listed above is to account for 100% of the activity at all times.
This is not always easy in preclinical studies, especially for organs
that are distributed, such as the musculature and the skeleton, and
for the whole body if the carcass of the animal after the removal
of specific source organs is too large to be counted unless cut into
numerous small pieces. The design of a preclinical study should
include how this matter will be addressed, as it might well be too
late to obtain this information after the performance of a study that
neglects this point.

STEPS FOR COLLECTING DATA FROM HUMAN SUBJECTS

The external conjugate-view method, using anterior and poste-
rior projection images from a nuclear medicine camera, is the
method used most frequently used to obtain quantitative data in
human studies for dosimetry. In this method, the source activity Aj

is given as follows (1):

Aj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IAIP
e2me t

fj

C

r
, Eq. 6

fj &
ðmj tj=2Þ

sinh ðmj tj=2Þ
, Eq. 7

where IA and IP are the observed counts over a given time for a
given region of interest (ROI) in the anterior and posterior projec-
tions (counts/time); t is the average patient thickness over the
ROI; me is the effective linear attenuation coefficient for the radio-
nuclide, camera, and collimator; C is the system calibration factor
C (counts/time per unit activity); and the f is a correction for the
source region attenuation coefficient (mj) and source thickness (tj)
(i.e., source self-attenuation correction). Figure 3 shows the geo-
metric relationships. This expression (Eq. 6) assumes that the
views are well collimated (i.e., they are oriented toward each other
without offset) and also assumes a narrow-beam geometry without
significant scattered radiation, septal penetration, or other interfer-
ences. Corrections for scatter are usually advisable; several pro-
posed methods are described below.

TABLE 1
Animal Data Extrapolation Example (Mass Extrapolation)

Parameter 1 h 3 h 6 h 16 h 24 h

Animal

%ID/organ 3.79 3.55 2.82 1.02 0.585

%ID/g 38.1 36.6 30.8 11.3 5.70

Human (%ID/organ) 3.26 3.12 2.63 0.962 0.486
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CORRECTIONS FOR SCATTERED RADIATION

One relatively straightforward correction procedure for scatter
compensation is the triple-energy-window method (14); this
involves establishing counting windows on either side of the
g-camera photopeak window such that the area of the 2 adjacent
windows is equal to that of the photopeak (or if not, the count
ratios should be appropriately scaled). The corrected photopeak
counts (CT) are given as follows:

CT ¼ Cpp2FS3ðCLS þ CUSÞ, Eq. 8

where Cpp is the total count recorded within the photopeak window
and CLS and CUS are the counts within the lower and upper scatter
windows, respectively. The scaling factor (FS) corrects for the
(most common) case in which the total width of the scatter win-
dows (in keV) is not equal to that of the photopeak window. It
would be unity if they were equal. Thus, adjustment of the adjacent
windows is assumed to compensate for the high-energy-photon
scatter tail on which the true photopeak events ride. Even if the
areas of the scatter windows are equal to the area of the photopeak
window, the use of a scaling factor other than unity may provide
the best correction for scatter in a given system with a particular
radionuclide. This correction may be determined by studying a
source of known volume submerged to a realistic depth in a water
phantom whose dimensions are similar to those of a human subject
(Fig. 4). An extension of the triple-energy-window approach is to
use more energy windows and to apply principal-component analy-
sis or factor analysis to the resulting data in the energy dimension.
SPECT reconstruction methods have incorporated more

sophisticated methods of scatter correction such as estimating the
point-spread function of the scattering and applying it during the
forward projection of data in an iterative reconstruction algorithm
such as maximum-likelihood expectation maximization.

Commercial SPECT/CT cameras and software have recently
been introduced that offer quantitative SPECT in the same manner
that PET is quantitative. They include calibrations for specific
radionuclides with corrections for attenuation and scatter.

CORRECTIONS FOR BACKGROUND ACTIVITY

When an ROI is drawn over a source region on a projection
image, some counts from the region will have originated from
activity in the subject’s body that is outside the identified source
region. This includes scattered radiation from other ROIs, back-
ground radiation, and other sources. Thus, a background ROI is
drawn over some region of the body that is close to the source
ROI and that, in the analyst’s opinion, best represents the activity
of nearby tissues to the source that will provide the best estimate
of a background count rate to be subtracted from the source ROI.
As with the scatter correction shown above, a scaling factor may
be needed to correct the number of counts in the background ROI
so that the appropriate correction is made, given the number of
pixels in the source and background ROI. Alternately, one may
simply subtract the number of counts per pixel in the background
ROI from the number of counts per pixel in the source ROI and
then calculate the total number of counts in the source ROI as the
corrected number of counts per pixel times the number of pixels.
One way to make a quality assurance check is to place a source of

activity of the radionuclide being imaged external to the body. Then,
an ROI is drawn away from the subject’s body and also away from
any star-pattern streaks that may accompany the source image because
of septal penetration, but close enough that it captures a typical num-
ber of counts per pixel that represents background and scattered radia-
tion within the imaging area close to the subject. The counts of this
source over time should reflect the radionuclide physical half-life.
It is important to avoid drawing a background ROI over body

structures that may contain a high level of activity (e.g., blood ves-
sels and areas of the skeleton with significant uptake), as this will

FIGURE 2. Frequency distribution of ratio of organ residence times using
raw data or time and mass data extrapolated from animals to humans.
(Adapted from (13).)

TABLE 2
Animal Data Extrapolation Example (Time Extrapolation)

Animal time scale 5 min 15 min 30 min 60 min 1.5 h

Extrapolated human time scale 22 min 1.1 h 2.2 h 4.3 h 6.5 h

FIGURE 3. Geometric representation of correction for attenuation in
geometric mean method. t is total thickness of subject, whereas t1 is
depth of middle of source from upper surface and t2 is depth of source
from lower surface. t 5 t1 1 t2. Product of upper and lower attenuation
factors is dependent only on total thickness and not position of source
within subject.
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remove too many counts from the source ROI. It is also important
not to draw the background ROI too far away from the source
region in an area of particularly low background, as this may not
remove enough counts from the source ROI. The choosing of loca-
tions and sizes of background ROIs is difficult to prescribe exactly,
and practices vary considerably among investigators, potentially
resulting in markedly different results for the final estimates of
activity assigned to a source ROI. This process should be per-
formed with care and attention to the above points for the best and
most reproducible results. The locations of the background ROIs
should be documented, perhaps by graphical screen captures if nec-
essary, to enhance the reproducibility of a dosimetric analysis.
Pereira et al. (15) showed examples of optimized background

regions for regions in a water phantom representing organs of
interest (Fig. 5), noting possible uncertainties in different quantifi-
cation methods.

CORRECTION FOR OVERLAPPING ORGANS AND REGIONS

It is not uncommon for some organs or tumors to overlap other
structures in projection images. The right kidney and the liver are

frequently partially superimposed in such images, as are the left
kidney and spleen, in many subjects. When organ overlap occurs,
the total activity within a source can be estimated by various
approximate methods. For paired organs, such as the kidneys and
lungs, one approach is simply to quantify the activity in one of the
organs for which there is no overlap with other organs and double
the number of counts in this organ to obtain the total counts in
both organs. If the masses of the paired organs can be determined,
perhaps using volumes that are derived from CT or MR images,
and are then multiplied by the tissue density, then the scaling fac-
tor could be the combined masses of the 2 organs divided by the
mass of the organ without overlap. Another approach is to draw
an ROI over the region of the organ that has no overlap in scans
where there is overlap, count the number of pixels, note the aver-
age count rate per pixel, use an ROI from another image in which
there is no apparent overlap and the whole organ is clearly visible,
count the number of pixels in a larger ROI drawn on this image,
and then simply multiply the count rate per pixel from the first
image by the number of pixels in the second image in order to esti-
mate the total counts from the organ in the first image. Or, equiva-
lently, take the total number of counts in the partial-organ ROI in
the first image and multiply by the ratio of the numbers of pixels
in the ROIs in the second and the first images, respectively. If no
image can be found in which a significant overlap with another
organ does not obscure the organ boundaries, an approximate ROI
may need to be drawn just from knowledge of the typical shapes
of such organs. This kind of approximation is obviously not ideal,
but it may be necessary.

OBTAINING g-CAMERA SYSTEM ATTENUATION AND
CALIBRATION COEFFICIENTS

Attenuation Coefficient
The system attenuation coefficients (me), both for the nuclide to

be imaged and for the nuclide used to establish the body thickness
for the attenuation correction (typically 57Co), must be measured
at some time before (or possibly after) radiopharmaceutical admin-
istration in a separate experiment. The procedure involves prepara-
tion and counting of a source of activity, ideally one whose
surface area is greater than that of the source region, with the
same radionuclide and the same g-camera settings as those that
are to be used for the patient imaging study. As an example, for
small regions one may fill the bottom of a Petri dish (covered and
sealed to prevent possible contamination), and for large regions
one may fill a flood source. A small, pointlike source can also be
used, if necessary. The source should be counted for a fixed time
(e.g., 5 min) in air, with no intervening attenuating material. Then,
the measurement is repeated with several different thicknesses of
attenuating material of approximately unit density (i.e., 1 g/cm3)
between the source and one of the g-camera heads. One may
obtain the count rates by drawing ROIs encompassing the source
region (with correction for background in an adjacent ROI) and
then plot the background-corrected counts in the ROIs versus the
interposed attenuator thickness (another method for acquiring
transmission data is to acquire a transmission scan of the stacks of
attenuating material using a line or flood source). The counts may
be fit by an exponential function, or the natural logarithm of the
counts may be fit by a straight line. In either case, the factor me

that best fits the data is the attenuation coefficient to be used in
corrections in patient studies.

FIGURE 4. Example of use of multiple windows to correct for scattered
radiation in g-camera images. Ideal spectrum of 166Ho is plotted in blue,
and spectrum blurred by energy resolution of g-camera is plotted in
orange. Upper scatter window captures down-scatter from high-energy
g-rays, whereas lower scatter window captures down-scatter from
81-keV g-ray as well. Weighting factor of 0.65 on lower scatter window
was determined empirically. LS 5 lower scatter window; PP 5 photo-
peak; US5 upper scatter window.
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System Calibration Factor
As with the attenuation coefficient, the system calibration factor,

C, must be measured at some time before or after radiopharmaceuti-
cal administration in a separate experiment. For this factor, the
method is to prepare a standard of known activity of the same radio-
nuclide as that to be used for administration to subjects, usually a
few tens of megabecquerels in almost any suitable container (e.g., a
syringe or vial). The exact source strength is not important, as long
as sufficient counts are obtained for a consistent evaluation over the
course of the study and as long as not too many counts are obtained,
resulting in count saturation and possibly dead time in the camera.
The standard should be counted in air for a fixed time (e.g., 5 min)
at a source-to-collimator distance that approximates that of the
patient midline distance used for the imaging study (Fig. 6).
The count rate per unit activity (in units of, for example, cpm/Bq

or cpm/mCi) represents the calibration factor. The collimator count-
rate response as a function of the source-to-collimator distance must
be known. For parallel-hole collimators, the collimator efficiency is
invariant near the center of the field of view; however, for other col-
limators, such as diverging, converging, and pinhole collimators, the
efficiency is dependent on the source-to-collimator distance. It is also
important to use the same camera settings, such as the width of the
energy window, for this calibration as for the patient imaging.
In most cases the self-attenuation factor f is not significantly dif-

ferent from unity and is rarely important. Normally, one assumes
that the variation in body thickness across individual ROIs is small,
and so a single attenuation factor may be used to calculate the
activity for the entire ROI. On the other hand, if the ROI is large
and body thickness is thought to vary substantially within the ROI,
a pixel-by-pixel calculation may be made. A pixel-by-pixel attenua-
tion calculation can always be made, regardless of this assumption.
A conjugate-view measurement is thus made at each of the time
points chosen and the best ROIs for each region are superimposed
on the images at each time. Because of potentially different rates of
uptake and clearance in various tissues, individual organs or tumors
may be best visualized at different times after administration. Some
regions have most of their uptake early and clear quickly, whereas
others may accumulate activity more slowly. Thus, different times
may be chosen at which to draw the best ROIs for different regions.
The best approach is to have a computer program that allows the
ROIs to be independently defined and saved but then linked
together and moved together, to allow the relative locations of all
ROIs to be retained when new ROIs are defined, or when different
patient images reflect slightly different patient placement on the
imaging table or slightly different patient orientation toward the
camera heads. Care should be taken to have the patient recline in

the same position in all images, as differences in patient orientation
toward the camera heads may change the lateral separation between
organs. One aid in achieving this consistency are the cushions that
are used to stabilize the patient and produce reproducible position-
ing in radiation oncology.

USE OF TOMOGRAPHIC DATA IN QUANTITATIVE IMAGING

The use of tomographic data, either SPECT or PET, for quanti-
tative image analysis for dosimetry overcomes some of the prob-
lems inherent in anterior–posterior planar imaging. The advent of
hybrid SPECT/CT cameras enable improved attenuation correc-
tion, and iterative reconstruction techniques allow correction for
scattering and for depth-dependent resolution. The first quantita-
tive SPECT/CT systems for implementing voxel-based dosimetry
are appearing commercially. Scatter and attenuation corrections
are inherently applied in the image reconstruction process. An
important problem in planar imaging is organ overlap. For exam-
ple, the right kidney is usually partially or totally obscured by the
liver. Tumors may also be difficult to delineate because of other
overlying structures with significant activity. In the case of PET,
routine calibrations for clinical diagnoses ensure that the data pro-
vided are already quantitative and can be used directly for dose
calculations. In SPECT, clinical needs normally do not necessitate
an absolute activity quantification. Performing quantitative SPECT
for internal dose calculations is somewhat more difficult than is
planar imaging, but for the reasons noted above, may offer desir-
able advantages. Dewaraja et al. (16) provided an overview of
methods to perform quantitative SPECT for radionuclide therapy.
The steps that they outlined were as follows: acquisition,
dead-time corrections, image reconstruction, compensation for
image-degrading effects (attenuation, scatter, and detector
response), definition of targets, determination of the camera cali-
bration factor, completion of partial volume corrections, and inte-
gration of the time–activity curves.
As SPECT image acquisition and quantification is more difficult

and time-consuming than a planar image acquisition, and each CT
scan for attenuation correction imparts an additional absorbed radi-
ation dose to the patient, one may use a hybrid method—using a
series of planar images to establish the overall biokinetic behavior,
with one or more SPECT images taken concurrently with a planar
image—to better establish absolute accuracies (Fig. 7).
At the time that this is being written, new technology both in

PET and in SPECT is promising to improve the accuracy of dosi-
metric workups by enabling volumetric imaging. Two recently

FIGURE 5. Background regions drawn by Pereira et al. in water phan-
tom. Background region is positioned over area near source that has
count density of object in absence of source. (Reprinted from (15).)

FIGURE 6. Use of point source to establish system calibration
coefficient.
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introduced commercial long-axial-extent PET systems might be
characterized as whole body. One has a 2-m axial field of view,
which can literally image the entire body of most patients at once.
The other has a 106-cm axial field of view, which is designed to
be able to image most patients from the crown of the head to the
mid thigh. These systems have much higher sensitivity than more
typical PET scanners and thus can acquire useful data over a lon-
ger portion of the time–activity curve, which should improve the
estimation of the time-integrated activity. They also acquire
the entire volume simultaneously, which again improves the
time–activity curve.
Whole-body SPECT is available in preclinical instrumentation.

That technology is reportedly being scaled up to accommodate adult
humans. The novel SPECT technology that was originally developed
for cardiac imaging acquires data from many points of view in such
rapid succession that it is effectively simultaneous in 3 dimensions
over the time scale of the physiologic processes of interest in internal
dosimetry. That technology has been built into a full-ring SPECT
camera with an axial field of view of roughly 60 cm. Although its
cadmium-zinc-telluride detectors are better suited to low- and
medium-energy radionuclides than to high-energy radionuclides, its
higher sensitivity and better energy resolution allow SPECT scans of
many radionuclides to be acquired in the time that an ordinary
g-camera requires for a planar whole-body scan.
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L E T T E R S T O T H E E D I T O R

Commercially Competitive Vendor-Agnostic
Image Reconstruction Could Be a Leap Forward
for PET Harmonization

TOTHEEDITOR: I readwith interest the recent publication inThe
Journal of Nuclear Medicine titled “A Guide to ComBat Harmoni-
zation of Imaging Biomarkers in Multicenter Studies” (1). The work
discussed in the article presents valuable ideas and concepts to the
community and continues a tradition of inspired diligence that has
ushered our field toward an increasingly efficacious infrastructure
for PET harmonization. Efforts to improve harmonization in PET
metrology provide a significant and fundamental contribution to
the field; they support our ability to work confidently with images
and develop meaningful clinical assessments and innovations.
Image reconstruction is a central step in the image generation pro-

cess. In recent years, significant gains have been made in PET image
quality at the stage of image reconstruction, we can note that applica-
tion of the technology has transitioned into the proprietary and vendor-
specific domain. As we look to the future and see inevitable evolution
of artificial intelligence–aided reconstruction, we can expect that in the
coming years it will likely be more difficult to fully describe recon-
struction algorithms because theywill be partially defined by the select
training datasets used to build them (2). It appears that we are on a tra-
jectory that will usher in continued divergence of advanced
reconstruction algorithms across vendors, increased layers of vendor
specificity, and subsequently greater challenges to harmonize PET.
The field of data science is continually maturing, perhaps most

notably in the areas of artificial intelligence and radiomics. Simulta-
neously we are learning to take on new roles as stewards of data
(2,3). Our growth in this realm is relevant for harmonization efforts
because the prospect of evolving the field toward greater access to
rawdata hasmany implications, including the potential to create reli-
able, cross-platform image reconstruction tools. Such a solution
could present an ideal, alternative strategy for addressing the
“scanner affect,” essentially through reducing the (technically
unnecessary) variability of vendor-specific image reconstruction
algorithms across scanners.
The importance of homogenizing PET data is fundamental to the

field. A basis for the advancement of diagnostic imaging are stand-
ards established through multicenter trials. The greater the uncer-
tainty in the trial data, the greater the possibility a study will be
underpowered, and it adds an increased possibility of the trial pro-
ducing incorrect conclusions (4). Uncertainty stems in part from var-
iability in the image generation processes and can be addressed
through standardization or harmonization. We can recall standardi-
zation refers to the process of making something conform to a stan-
dard whereas harmonization is the action, or process, of making
something consistent or compatible. The former is preferable where
possible—we cannot reasonably standardize hardware, but we could
create the means to standardize processing, in support of those appli-
cations of PET thatmay benefit from it. A recent reviewofmulticenter

use of PET/CT concluded that “standardization” of acquisition and
processing “should precede any multicenter trial that uses PET
SUVs quantitatively”; and that “This should be a high priority for
future multicenter trials using quantitative imaging” (5). The priority
is echoed and amplified if we consider the field’s collective responsi-
bility to ensure that our patient’s data are being used for optimal benefit
(3). It therefore becomes prudent to recognize that an infrastruc-
ture that supports optional standardized advanced image recon-
struction is preferential.
We are at least several years away from having reliable third-party

PET image reconstruction tools—it is possible from a technical
standpoint, but we do not presently have the industrial framework
to support it, and raw data formats as well as reconstruction algo-
rithms are proprietary. But whether we are several years away
from realizing this solution, or several decades, may depend on if
we are willing to have the requisite discussion now. Several path-
ways could be considered for implementation. One method could
be tuning PET systems to produce reliable, compliant raw data for-
mats, which could enable investment in creating competitive cross-
platform processing tools.
Data access across imaging is in fact a large and consequential sub-

ject. Harmonization in PET is one of many topics that are connected to
this faucet on our infrastructure. Generally, opening access to raw data
for third-party solution development addresses a central pivot of the
PET instrumentation field and would have wide ranging implications
for innovation beyond, and downstream of, improved harmonization
or standardization (6). Radiomics, AI, and other avenues of imaging
data science would directly reap the benefits—access to data and its
quality (fidelity) is a new bottleneck for technologic advancement.
Although the topic of data access is complex, cross-vendor reconstruc-
tion for supporting harmonization efforts would be a straightforward
and logical solution for addressing the harmonization problem at its
crux. Correspondingly, the clear and concise implication of unified
reconstruction in the harmonization challenge lends support to the
more general assertion that greater access to data should support a
more efficacious modern imaging field.
In summary, practical solutions, such as those presented by the

authors, provide real benefit to the field. But as we look to the future,
it is time to add agnostic image reconstruction to the discussion of
solutions for harmonization. The same advancements in computing
technology that have enabled new advances in image reconstruction
also make it prudent to reevaluate our infrastructure for accessing
and using data at its source.
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A VISION of ALSYMPCA

TO THE EDITOR: I just read the 2 editorials written by Hofman
(1) and by Czernin and Calais (2) commenting on the use of
177Lu-PSMA-617 therapy in patients with metastatic castration-
resistant prostate cancer (mCRPC), mainly on the results of the
VISION trial (3). 177Lu-PSMA-617 together with 68Ga- or 18F-
labeled PSMA ligands are doubtless important theranostic technol-
ogies that provide a new perspective on mCRPC treatment, as stated
in another recent editorial by Srinivas and Iagaru (4). However, I
miss in the VISION trial a comparison with the results of another
study performed a few years ago that analyzed the use of 223Ra in
the treatment of mCRPC patients, the ALSYMPCA trial (5).
Although 223Ra is used to treat patients with exclusive bone metas-
tases, this group represents most patients with mCRPC. In some
studies, the percentage of patients with bone metastatic disease,
with or without concomitant lymph node disease but without vis-
ceral (lung and liver) disease, represents around 70% of cases (6),
and in this group the presence of concomitant lymph node disease
does not appear to change the overall survival (this high percentage
was also confirmed in the VISION trial, in which 91% of patients
had bone metastases, 50% had lymph node metastases, 9% had
lung metastases, and 12% had liver metastases) (6). Therefore,
223Ra could represent an adequate option to treat most patients
with mCRPC. In this sense, it will be useful if the authors of the
VISION study, as well as of other future studies on this issue, also
present the survival results for the distinct groups of metastatic
lesions or, at least, separate the results of the ones with bone meta-
static disease without visceral disease from the group with visceral
disease. This separation would be useful to indirectly compare the
effects of 177Lu-PSMA-617 with the effects of 223Ra in the group
without visceral metastases and also to assess the effect of 177Lu-
PSMA-617 in the group of patients with visceral metastases, who
certainly are not candidates for 223Ra therapy.
In this line of reasoning, it is interesting to note that median survival

differences between groups receiving or not receiving the radionuclide
therapy are similar in both trials: 4 mo (15.3 mo vs. 11.3 mo for
patients receiving or not receiving the therapy, respectively) in
VISION and 3.6 mo (14.9 mo vs. 11.3 mo) in ALSYMPCA. Besides,
although the authors of theVISION study did not present the results of
subgroups with and without visceral metastases, in the supplementary
appendix of the study (3) the authors presented the survival results in
subgroups with and without liver metastases and showed that there is
no statistically significant difference in overall survival in the

subgroup with liver metastases. These findings, in my opinion, are
worrisome and suggest that the main effect of 177Lu-PSMA-617 in
overall survival could be due to its action on bone metastases and
not on visceral metastases.
Therefore, presentation of the survival results by subgroups will be

essential to define the patients who would most benefit from 177Lu-
PSMA-617 therapy and to further establish the best theranostic algo-
rithm to treat these patients (e.g., patients with exclusive bone disease
would first receive 223Ra, and patients with visceral disease would first
receive 177Lu-PSMA-617). Last, it is important to say that 223Ra therapy
is already a reality in several places around the world whereas 177Lu-
PSMA-617 is a distant vision; thus, to move from ALSYMPCA to
VISION, VISION has to show where it is really effective.
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Reply: A VISION of ALSYMPCA

REPLY: Dr. Duarte urges an analysis of the VISION trial in an
effort to ascertain results in subsets of men with bone and visceral
disease. He then suggests an indirect comparison between 177Lu-
PSMA-617 and 223Ra.
I agree with the first point but disagree with the second. The

VISION trial (1) can be analyzed in a multiplicity of new ways.
Right now, just the prespecified primary analyses have been pub-
lished (1). There are many analyses that will follow that include
not only the distribution of the disease (as suggested by Duarte)
but also the various biomarkers that are known to be prognostic in
other settings. These biomarkers might include hemoglobin, neutro-
phil-to-lymphocyte ratio, prostate-specific antigen, alkaline phospha-
tase, lactate dehydrogenase, performance status, age, time since
diagnosis, pain, and others. As it turns out, the dataset from VISION
is rich and there is much more to explore.
On the second point, there is disagreement. The ALSYMPCA trial

with 223Ra (2) was conducted in a long-ago era, before the use of novel
hormones such as abiraterone and enzalutamide and before the wide-
spread use of cabazitaxel. Further, patients enrolled in ALSYMPCA
were not required to progress after docetaxel (but approximately half
did). All patients enrolled in VISION had progressed after either
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abiraterone or enzalutamide. Further, all patients in VISION had pro-
gressed after docetaxel and approximately 40% had progressed after
cabazitaxel. Thus, the patient populations of ALSYMPCA and
VISION are completely distinct. Indirect comparisons between phase
III trials are always fraught with difficulty. In this case, because the
populations are so distinct, comparisons would be particularly
problematic.
Dr. Duarte also raises the issue that the livermetastasis patients do

not have improved survival in VISION and suggests that the positive
effects of 177Lu-PSMA-617 may be predominantly on patients with
bone metastases. Although these points are well taken, the overanal-
ysis of small data subsets can at times be erroneous. The number of
patients in the VISION trial with liver metastases was far smaller
than optimal for a conclusive analysis. There is much more to learn
before a definitive conclusion can be drawn. Further, we would all
agree that there is considerable heterogeneity for those with liver
metastases and that more analyses may potentially yield interesting
findings. Perhaps the patients with higher PSMA PET SUVs may be
distinct from those with lower PSMA PET SUVs. Perhaps those
withmore than 20 livermetastasesmay be distinct from those having
just one. Simply stated, there is much more to learn before categoric
statements can be made regarding analyses of underpowered
subsets.
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On Semiquantitative Methods for Assessing
Vascular 18F-FDG PET Activity in
Large-Vessel Vasculitis

TOTHEEDITOR: In a series of 95 large-vessel vasculitis patients
investigated with 18F-FDG PET imaging, Dashora et al. recently
tested the performance of qualitative (PET vascular activity score
[PETVAS]) and semiquantitative (SUV and tissue-to-background
ratio [TBR] relative to liver and blood activity) scoring methods
(1). Regarding the latter methods, 9 territories were created in
each patient by segmenting the aorta and branch arteries. A territory
scorewas calculated by averaging the SUVmax assessed in each axial
region of interest that wasmanually drawn across the territory, and a
global summary, SUVArtery, was then calculated by averaging all ter-
ritory scores. Liver TBR (TBRLiver) and bloodTBR (TBRBlood) were
computed by dividing SUVArtery by a mean liver and blood SUV,
respectively. The performance of each metric was assessed in asso-
ciation with reader interpretation of vascular PET activity and with
physician assessment of clinical disease activity, including the area
under the receiver-operating-characteristic curve. Tables 2 and 3 by

Dashora reported the metrics performance against the 2 reference
standards; this performance was poor–poor for SUVArtery (area
under receiver-operating-characteristic curve, 0.67–0.59) and
good–poor for TBRLiver and PETVAS (areas under receiver-operat-
ing-characteristic curve, 0.85–0.66 and 0.87–0.65, respectively) (1).
TBRBlood had slightly lower performance than TBRLiver.
Since TBRLiver involves SUVArtery, which results from SUVmax

averaging, we suggest that instead of using SUVArtery, we use an
averaged SUVmax obtained from N hottest voxels (SUVmax-N) irre-
spective of their location within the 9 vascular territories (2). Both
SUVArtery and SUVmax-N take into consideration the heterogeneity
of the vessel-wall uptake, but N can actually be much greater than
the total number of regions of interest used by Dashora et al. for cal-
culating SUVArtery. Since the greater the N number, the lower the
SUVmax-N variability, a more reliable TBRLiver can thus be provided
than with SUVArtery (2,3). A previous assessment of treatment
response in a Takayasu arteritis patient illustrates the possiblemagni-
tude of N, with SUVmax-N pooling N5 4,100 and 515 voxels, corre-
sponding to a hottest volume V5 100 and 12.6mL, respectively (4).
SUVmax-V might be preferred to SUVmax-N, for the voxel volume
depends on the PET system at a given center. For assessing response
to treatment in a large-vessel vasculitis patient, it has been previously
shown that V (orN) should be set in the scan showing the lowest total
18F-FDG–positive volume,which is expected to be posttreatment one
(4). For assessing the severity of large-vessel vasculitis inflammation
as in the study of Dashora et al., we suggest that standard SUVmax-

V–based TBRLivermetrics might be relevant, using an arbitrary value
of V defined by expert consensus (e.g., of 10 cm3). Additionally, we
suggest that the hottest volume V corresponding to a standard value
of SUVmax-V–based TBRLiver could also be investigated by Dashora
et al. as a further metric. This TBRLiver standard value should be
greater than 1, as is consistent with the qualitative territory score of
3 used in PETVAS (arterial uptake . liver uptake). The standard
might be set at 1.33 according to TBRLiver data reported in Table 3
byDashora et al. for physician assessment of clinical disease activity,
that is, between the clinical-active range and the clinical-remission
range (1.335 1.271 1.963 0.03# 1.46–1.963 0.06) (1). A similar
line of argument provides a TBRBlood standard value of 2.43 (from
Table 3 of Dashora et al. (1)).
To conclude, we fully agree with the authors that qualitative met-

rics for assessing large-vessel vasculitis inflammation severity with
18F-FDG PET, such as PETVAS, are attractive in clinical practice
because of ease of implementation and ease of interpretation. How-
ever, we believe that SUVmax-V–based TBRLiver (or SUVmax-

V–based TBRBlood) could also be used daily if manufacturers are
encouraged to make SUVmax-V (or SUVmax-N) easier to assess than
currently (2–4).
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Reply: On Semiquantitative Methods for Assessing
Vascular 18F-FDG PET Activity in Large-Vessel
Vasculitis

REPLY:Wewere pleased that discussion was brought forth by Laf-
fon and Marthan because of our recent paper on quantitative and
qualitative 18F-FDG PET for large-vessel vasculitis (LVV) (1).
Indeed, we agree it could be revealing to attempt a measurement
strategy that involves the appreciation of the hottest N number of
voxels (SUVmax-N) as proposed by the authors. If N is greater than
the number of single SUVmax measurements from each region of
interest drawn over the entire arterial tree, SUVmax-N could lead to
an overall more reproducible value in addition to a potentially greater
contribution of abnormal activity in regions of active vasculitis than
in regions without inflammation.
Although specificmethodology to quantify vascular inflammationwill

nodoubt be tested and refined,wewould like to emphasize our underlying
thought process for the design of our quantitative methodology, with ref-
erence to how this and other strategies for quantitative PETmight be used
for LVV.We will organize our discussion around 3 questions: What can
be deployed clinically?What ismost useful in clinical trials?What arewe
trying to do with vascular imaging in LVV?
For clinical deployment (question 1), even with the recent advent of

greater acceptanceof 18F-FDGPETinclinical evaluationof inflammatory
disease (2), we acknowledge that large-vessel vasculitis is a rare disease
thatmany interpretingphysicianswill not encounter frequently.Our expe-
rience is that extensive familiarity and care are necessary to rigorously
applya complexquantitative strategy that involves contouringof the arter-
ies as applied in this study, which did not have the advantage of intrave-
nous contrastmedium for guidance.Regardless of how the specific voxels
are aggregatedmathematically, the contouring itself is likely to be beyond
the abilities of the standard medical professional in routine clinical prac-
tice. Hence, our introduction of a qualitative metric such as PETVAS (3),
which is similar, but not identical, to the emerging use of an ordinal scor-
ing system in lymphoma (4). We showed that PETVAS is a reasonable
clinically deployable alternative towhatwe feltwas an inevitable question
from the community,which is “whynot use SUVs?”Another compelling
reason to not yet favor the use of metrics such as SUV in the clinic for
LVV relates to the common misapplication of quantitative metrics from
the literature for sensitivity and specificity in image interpretation. The
performance characteristics of a quantitative metric are appropriately
applied if images can be reproduced in a uniform format, which must
be standardized across vendors with identical imaging characteristics
that harmonize important features such as resolution, noise, voxel size,
and postreconstruction filtering. Despite recent meaningful attempts (5),
such a level of uniform standardization will likely not soon be achievable
in clinical practice.
For clinical trials (question 2), we see a role for complementary

advanced quantitative strategies as we and others have proposed.

Clinical trials more often involve multiple imaging time points of
the same subject before and after a treatment or intervention, using
the same imaging characteristics. Our project highlighted that both
qualitative and quantitative methods are associated with clinical
measures of disease activity, and both approaches could be used to
facilitate discovery in research; however, qualitative approaches
potentially offer more precision and reliability.
Regarding question 3, it may sound odd to ask “what are we actually

trying to do?” As investigators conducting an ongoing, large prospec-
tive observational cohort study on LVV, we would like to emphasize
that interpretation of 18F-FDG PET findings should be considered in
the context of disease activity assessment across other domains. 18F-
FDG PET is only 1 facet of the multidisciplinary approach needed to
fully realize patient-specific treatment guidance. Comprehensive clini-
cal, laboratory, and imaging assessment is often helpful to accurately
assess disease activity and informmanagement decisions. The cumula-
tive burden of vascular involvement does not always correlate with
clinical outcomes. A small focal inflammatory lesion in a single artery
may lead to severe vascular damage with disastrous consequences,
whereas profound near pan-arterial intense inflammation may occur
in an otherwise asymptomatic patient. To inform the details of a better
qualitative or quantitative evaluation for individualized care with
advanced methods proposed by our group or others, we must continue
to define the complex associations between 18F-FDG PET findings
and clinical outcomes in LVV. Controlled environments, such
as randomized clinical trials, will go further to answer questions
related to the combinatory use of qualitative and quantitative
PET, as well as specifics for the production of each.
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